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ABSTRACT
Using an Inventory of Unstable Slopes to Prioritize Probabilistic Rockfall Modeling and Acid
Base Accounting in Great Smoky Mountains National Park
by
Thomas O’Shea
An inventory of unstable slopes along transportation corridors and performance modeling are
important components of geotechnical asset management in Great Smoky Mountains National
Park (GRSM). Hazards and risk were assessed for 285 unstable slopes along 151 miles of
roadway. A multi-criteria model was created to select fourteen sites for two-dimensional
probabilistic rockfall simulations and Acid Base Accounting (ABA) tests. Simulations indicate
that rock material would likely enter the roadway at all fourteen sites. ABA test results indicate
that influence of significant acid-producing potential is generally confined to slaty rocks of the
Anakeesta Formation and graphitic schist of the Wehutty Formation. The research illustrates an
approach for prioritizing areas for site-specific investigations towards the goal of improving
safety in GRSM. These results can help park officials develop mitigation strategies for rockfall,
using strategies such as widening ditches and encapsulating acidic rockfall material.
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CHAPTER 1. INTRODUCTION

Slope failures are a significant concern for Great Smoky Mountains National Park
(GRSM) officials (Wegwerth 2019). Historically, officials have relied on reactive management
strategies for unstable slopes. However, there is a growing consensus that unstable slopes can be
managed as assets in a proactive manner much like transportation assets (e.g., bridges and
pavements) are managed (Anderson 2016). There is also growing evidence that managing
geotechnical assets in a proactive rather than a reactive manner can reduce overall costs while
achieving performance objectives. Since 2012, when the Moving Ahead for Progress in the 21st
century (MAP-21) legislation was passed, state and federal transportation departments have
proactively managed transportation infrastructure, such as bridges, pavements, using
transportation asset management (TAM) strategies (Stanley and Anderson 2017).
The Fixing America’s Surface Transportation (FAST) Act was passed in 2015 and
represents a continuation of the MAP-21 Act (Federal Highway Administration, 2012; Federal
Highway Administration, 2016). GRSM is currently in compliance with the FAST Act and has
recognized the need to implement geotechnical asset management protocols as well. GRSM has
taken some initial steps towards this goal by creating an inventory of retaining walls in the park.
In 2008, NPS also published its most recent Geologic Resources Evaluation Report (GRE) for
GRSM. The report compiled information related to geologic issues (e.g., erosion and slope
processes, abandoned mines, air and water quality) and includes a section related to geohazards
however, it does not provide a usable database for tracking the performance of individual
geotechnical assets along park routes (Thornberry-Ehrlich 2008).
As part of an ongoing effort to implement Geotechnical Asset Management (GAM)
protocols in GRSM, the National Park Service (NPS) has partnered with East Tennessee State
13

University (ETSU) to utilize the Unstable Slope Management Program for Federal Land
Management Agencies (USMP for FLMA) protocols to create an inventory of unstable slopes
and describe their current conditions along individual transportation corridors within GRSM.
This inventory contributed to a digital geodatabase that will enable park officials to take steps
towards prioritizing maintenance and mitigation efforts using cost-benefit analyses based on
short- and long-term budgets. Study I discusses the development of an inventory and presents a
case study for how to prioritize discrete slopes using geospatial analysis tools.
Study II builds upon the work completed in Study I and discusses how two-dimensional
probabilistic rockfall simulations and Acid Base Accounting (ABA) tests (Modified Sobek
Method) were used to predict rockfall pathways and evaluate the acid-producing potential of
rocks at fourteen sites. These data on factors that influence rockfall outcomes are needed by park
officials who manage geotechnical assets as well as geologists and engineers who develop
mitigation strategies for rockfall.
Study Area
This study assessed unstable slopes along more than 150 miles of roadway identified by
GRSM park officials within the park. These roads were primarily function class 1 and class 7
(Table 1.1). NPS defines class 1 roadways as principal park roads or rural parkways (public
roads), which constitute the main access route, circulatory tour, or thoroughfare for park visitors.
Class 7 roadways are defined as urban parkways and city streets that serve high volumes of the
park and non-park related traffic and are restricted, limited-access facilities in an urban area
(Federal Highway Administration 2014). The Gatlinburg Spur between Gatlinburg and Pigeon
Forge (Figure 1.1) is an example of a class 7 roadway that serves not only park visitors but also
local and regional traffic. Four class 2 roadways were also included in the study area. These
14

connector roads are public roads that provide access within a park to areas of interest such as an
overlook or a campground (Federal Highway Administration 2014).
Table 1.1. Route ID and Characteristics of Twenty-One Roads Within the Study Area

ROAD NAME
Foothills Parkway Section 8a
Foothills Parkway Section 8e
Foothills Parkway Section 8f
Foothills Parkway Section 8g
Foothills Parkway Section 8h
Newfound Gap Road North
Newfound Gap Road South
Gatlinburg Spur Road
(Northbound)
Gatlinburg Spur Road
(Southbound)
Gatlinburg Bypass Road and
Ramps
Fighting Creek Gap Road and
Spur
Little River Gorge Road
Laurel Creek Road
Clingmans Dome Access Road
Elkmont Road
Lakeview Drive East
Cades Cove Loop Road
Cherokee Orchard Road
Greenbrier Rd
Heintooga Ridge Road
Roaring Fork Motor Nature Trail
Total Mileage in Study Area:

ROUTE
CLASS
ID
FUNCTION

TOTAL
ROUTE MAINTENANCE
LENGTH
DISTRICT
(MILES)
5.68
North
8.36
Cades Cove
6.30
Cades Cove
10.11
Cades Cove
6.90
Cades Cove
14.98
North
16.98
South
4.09
North

0008A
0008E
0008F
0008G
0008H
0010N
0010S
0011N

1
1
1
1
1
1
1
7

0011S

7

4.32

North

0012ZZ

1

4.65

North

0013ZZ

1

5.02

North

0014
0015
0017
0018
0019
0026
0027
0102
0107
0150

1
1
1
2
1
1
2
2
1
2

12.62
7.79
6.93
1.53
5.89
10.09
3.62
4.87
5.34
5.34
151.41

North
Cades Cove
South
North
South
Cades Cove
North
North
South
North
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Figure 1.1. Major transportation corridors in Great Smoky Mountains National Park

Study Objectives
This thesis consists of two separate but related studies. The first describes the
development of an unstable slope inventory in GRSM using USMP for FLMA protocols as well
as the work that went into selecting sites for further investigation. The second describes the use
of probabilistic rockfall simulations and acid base accounting tests at fourteen discrete unstable
slopes in GRSM.

16

Study I
Objective. The objectives of this study were to (1) develop a detailed inventory and
geodatabase of unstable slopes utilizing the USMP for FLMA protocols, (2) create a density
surface of hazard and risk using kernel density estimation (KDE), and (3) select rock slopes with
high likelihood of roadway disruption for further investigation. The study provides an example
of how to prioritize high-risk rock slopes using data-driven proactive management practices.
Study II
Objective. The objective of this research is to perform fourteen site specific investigations
that predict rockfall pathways using probabilistic simulations and perform Acid Base Accounting
(ABA) tests to evaluate the acid-producing potential (APP) of rocks. The study will provide a
geologic and environmental framework for slope remediation to maintain the integrity of
roadways in GRSM.
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CHAPTER 2. RISKS RELATED TO UNSTABLE SLOPES ALONG MAJOR
TRANSPORTATION CORRIDORS OF GREAT SMOKY MOUNTAINS NATIONAL PARK
2

Abstract
by
Thomas O’Shea, Samantha Farmer, Arpita Nandi, Eric Bilderback, Ingrid Luffman
An important first step of geotechnical asset management in Great Smoky Mountains National
Park (GRSM) is the creation of an unstable slope inventory along major transportation corridors.
Rockfalls occur frequently in GRSM, often initiated in highly weathered, fractured
metasedimentary rocks. In this study, an unstable slope inventory was created using the Unstable
Slope Management Program for Federal Land Management Agencies protocols. Hazards and
risks were evaluated for 285 unstable slopes along 151 miles of roadway. Kernel Density
Estimation was used to identify four clusters and establish study areas. For each study area, site
selection was based on six criteria: risk and hazard density surfaces, slope, proximity to mapscale faulting, proximity to roadway, and the predicted acid-producing potential of geologic
units. Fourteen sites were selected for further site-specific investigations. The research illustrates
an approach for prioritizing areas for site-specific investigations towards the goal of improving
safety in GRSM.

Keywords: geotechnical asset management, USMP for FLMA, weighted overlay analysis, KDE
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Introduction
Great Smoky Mountains National Park (GRSM) straddles the border of North Carolina
(NC) and Tennessee (TN), covering an area of more than 500,000 acres (NPS 2017). The Park
was formally dedicated in September 1940 and is the most visited of the United States’ 62
national parks, accommodating more than 12.5 million visitors in 2019 (Cullinane and Koontz
2020). An extensive network of hiking and horse trails are maintained within the park, notably a
section of the Appalachian National Scenic Trail, which travels along the NC-TN border from
Fontana Dam to Davenport Gap. Regardless of what draws a visitor to GRSM, most will travel
along the primary transportation corridors during their visit.
The National Park Service (NPS) is responsible for operating and maintaining 315 miles
of roadway within GRSM boundaries, 186 miles of which are paved (Federal Highway
Administration 2014). Road construction was most recently completed along Foothills Parkway
sections E and F in November 2018, with 33 miles of the parkway still deferred (Wegwerth
2018). Several of the paved roads that traverse mountainous terrain serve not only park visitors,
but also local and regional traffic. The Park generates more than $1.05 billion in visitor spending
and provides employment for more than 15,000 people in the local communities (Cullinane and
Koontz 2020). Each year, unanticipated road closures due to slope failure events occur within the
park. These events interfere with park objectives and have a significant negative economic
impact on the regional economy (Anderson and Cuelho 2017).
In 2010, three rockfall events occurred on roads that serve GRSM park visitors. The
largest and most disruptive failure event occurred on January 25, 2010, along a southbound
section of Route 0011S (The Spur), an arterial thoroughfare within the park. As a result, both
southbound lanes of The Spur were closed for more than 30 days (TDOT 2010). Though the
19

Tennessee Department of Transportation was responsible for $700K emergency expenditure and
cleanup of the January 25, 2010 rockslide, each of the events posed a risk to GRSM park visitors
who frequently travel along this route (TDOT 2010). Regrettably, slope failure events in the park
infrequently cause fatalities. On August 1, 2019, a man was killed by a fallen tree on the
Gatlinburg Spur where multiple rockslides occurred following heavy rainfall. According to a
local news station, more than 4 four inches (10 cm) of rain fell in just over one hour, which
triggered the event (McKie 2019).
Physiographic Setting
Most of GRSM is in the Western Blue Ridge Physiographic Province, with a limited area
in the Tennessee Valley and Ridge Physiographic Province to the northwest (Figure 2.1)
(Southworth et al. 2012). Bounded to the south by a series of en echelon zones collectively called
the Swannanoa Lineament, the park is home to some of the highest peaks in the eastern US,
some of which reach more than 4,600 ft above adjacent valley floors. In some areas of the park,
mountain slopes have maximum relief as great as 44° (Southworth et al. 2012; Hill 2018). The
Blue Ridge Physiographic Province has a complex geologic history which has created multiple
ductile and brittle fabrics and structures, resulting in a variety of discontinuities, zones of
preferential weathering, and unstable slopes, especially along transportation corridors where
roadcuts exist (Latham et al. 2009; Southworth et al. 2012; National Park Service 2017).
Slope failures are geomorphic processes in which there is a downward movement of earth
materials, including: rock, soil, artificial fill, or a combination of these (Varnes 1978; Turner and
Schuster 1996; Hungr et al. 2014). In GRSM, slope failures are a consequence of complex
interactions between rock and soil properties, bedrock joint geometries, precipitation duration
and intensity, topography, and hydrological conditions, and typically give rise to rockslides,
20

rockfalls, slow creep, and debris flows (Varnes 1978; Thornberry-Ehrlich 2008; Hungr et al.
2014).
A five-year study completed by the North Carolina Geological Survey (NCGS) along the
North Carolina section of the Blue Ridge Parkway (BLRI) concluded that the acid-producing
potential of some rocks can also be a contributing factor in rock slope failures. This was
observed in sulfidic and graphitic metagraywackes specifically, but most rocks in the Western
Blue Ridge Physiographic Province contain at least trace amounts of sulfide minerals such as
pyrite (Byerly 1996; Schaeffer and Clawson 1996; Hammarstrom et al. 2003; Latham et al.
2009).

Figure 2.1. Physiographic provinces and roadways in the study area, modified from Fig. 2 in
Southworth, et al. (2012)
21

Unstable slopes along transportation corridors are a constant concern for GRSM park
officials and maintenance personnel because of the potential transportation disruptions and
associated economic and social costs (Wegwerth 2019). After nearly eighty years of use on some
roads, GRSM’s transportation corridors require effective long-term management (Anderson
2016).
Geotechnical Asset Management (GAM)
Federal Land Management Agencies (FLMA) and state departments of transportation
across the United States have developed risk- and performance-based Transportation Asset
Management (TAM) systems for bridges and pavement (Stanley and Anderson 2017). These are
generally considered the principal assets of a state’s Department of Transportation (DOT).
Proper management of them is required to comply with the federal laws Moving Ahead for
Progress in the 21st Century Act (MAP-21) and Fixing America’s Surface Transportation Act
(FAST Act) (Federal Highway Administration 2012; Federal Highway Administration 2016;
Stanley and Anderson 2017). The FAST Act is a continuation of the MAP-21 Act, which was
signed into law in July 2012. The legislation required state and federal DOTs to adopt long-term
TAM protocols and defined TAM as a strategic and systematic process of operating,
maintaining, and improving physical transportation assets in agreement with desired objectives.
The legislation states that these objectives should be accomplished with a focus on engineering
and economic analyses based on quality information. This process allows an agency to identify
protocols that achieve and sustain a desired state of good repair through the life cycle of an asset
at minimum practical cost (Stanley and Anderson 2017).
In recent years, geologists and engineers have recognized that existing TAM protocols
fail to explicitly consider geotechnical assets on which roads are built. Geotechnical assets
22

include rock, soil, and modified slopes adjacent to transportation corridors and other facilities;
embankments; subgrade; and retaining structures (Beckstrand et al. 2019). Several state DOTs
and FLMAs have recognized this weakness and are working to implement or have successfully
implemented GAM protocols that help them achieve their performance targets (Mauldon et al.
2007; Stanley and Anderson 2017; Thompson 2017; Beckstrand et al. 2019; Millar 2019; ODOT
2019). Anderson (2016) suggests that incorporating independent geotechnical assets into existing
TAM efforts can extend the life and lower the life-cycle costs of existing assets when strategic
investments are made at the right time. The first step towards making these strategic investments
is to develop a strong understanding of the role that geotechnical assets play in the life cycle of
transportation assets.
In 1984, the Oregon DOT began developing the Rockfall Hazard Rating System (RHRS)
which was designed to be a proactive system to help make informed decisions on where and how
to spend funds in order to mitigate risks along transportation corridors. ODOT completed
development, fully tested, and implemented the system, and in 1993, the Federal Highway
Administration (FHWA) published the Rockfall Hazard Rating System Participant’s Manual,
which documented the components of the RHRS as well as the steps that an agency should
follow to implement the system. Through the remaining years of the 1990s, some states
advanced RHRS, and in the late 1990s, Washington State DOT (WSDOT) developed and
implemented an Unstable Slope Management Program (USMP) that included landslides (USMP
for FLMA 2017). In 2009, Alaska DOT began the first GAM program in the United States
(Thompson 2017). The program started by creating an inventory of unstable slopes, retaining
walls, and material sources such as quarries and gravel pits and finished with a complete
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program that introduces valuable information and data into project selection and planning efforts
(Thompson 2017).
Implementing long-term, risk-based strategic GAM is imperative for GRSM park
officials who are responsible for managing, in the face fluctuations in their annual budget, aging
geotechnical assets that become more unstable as they are continually exposed to the
environment. In 2008, NPS published its most recent Geologic Resources Evaluation Report
(GRE) for GRSM. The report compiled information related to geologic issues (e.g., erosion and
slope processes, abandoned mines, air and water quality) as well as geologic features and
processes (e.g., major faults, views, tectonic windows). The report was designed to be used by
park officials, scientific researchers, conservation and environmental constituencies, and the
public. A section related to geohazards can be found in the report however, it does not provide a
usable database for tracking individual geotechnical assets along park routes (Thornberry-Ehrlich
2008).
Anderson and Cuehlo (2017) suggest that after establishing agency objectives, creating
an inventory of geotechnical assets within GRSM is the first step towards implementing GAM
protocols towards mitigating risks and lowering life-cycle costs (Figure 2.2). NPS has recognized
this need and has partnered with East Tennessee State University (ETSU) to utilize the Unstable
Slope Management Program for Federal Land Management Agencies (USMP for FLMA)
protocols to create an inventory of unstable slopes and record their current conditions along
individual transportation corridors within GRSM. This inventory will contribute to a digital
geodatabase that will enable park officials to take steps towards prioritizing maintenance and
mitigation efforts using cost-benefit analyses based on short- and long-term budgets. Thompson
(2017) provides an example of the GAM Process which is designed to ensure programming
24

investments are cost-effective and that they improve the performance of geotechnical assets
(Figure 2.2).

Figure 2.2. Geotechnical Asset Management (GAM) process. Modified from Thompson (2017)
Exhibit 10

Unstable Slope Management Program for Federal Land Management Agencies (USMP for
FLMA)
USMP for FLMA is a program designed to guide efforts by FLMAs and lower traffic
volume transportation departments to assess slope hazards and risks along transportation
corridors in order to achieve their own goals and objectives (Anderson and Cuehlo 2017; Stanley
and Anderson 2017; Beckstrand et al. 2019). It includes management tools that are important
components of any GAM program, such as: condition assessments, examples of performance
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measures, and quantitative risk assessment (QRA) prioritization techniques (Beckstrand et al.
2019). The program was formulated by adopting and adapting methods from accepted TAM
practices used for bridges, pavement, etc., as well as existing GAM programs such as Oregon’s
RHRS and Alaska’s USMP. The AKDOT USMP, which built upon the progress made by
programs like Oregon’s RHRS, was completed in 2009 and provided a model for stakeholders
(NPS, US Forest Service (USFS), Bureau of Land Management (BLM), Bureau of Indian Affairs
(BIA), and Western Federal Lands Highway Division (WFL)) to develop the USMP for FLMA
(Beckstrand et al. 2019).
USMP for FLMA is now being implemented by several agencies, such as the BLM,
USFS, NPS, and the BIA. The following national parks have begun utilizing the program by
performing slope condition assessments: Acadia, Crater Lake, Denali, GRSM, Hawaii
Volcanoes, Olympic, Yellowstone, Yosemite, and Zion. Additional NPS units such as Vicksburg
National Military Park and the Heritage Partnerships Program of the NPS Intermountain Region
have also begun using the USMP. The positive outcomes from proactively managing
geotechnical assets are becoming clearer as a growing number of organizations utilize the
program. Researchers in Zion National Park concluded that reactive management can be four to
five times more expensive for rockfall than proactive management (FHWA 2020). Additionally,
Capps et al. (2017) concluded that QRAs are critical to understanding where funds should be
allocated to avoid the common mistake of fixing the “worst first” reconstruction-only policy
which occurs when funding is spent without careful consideration of the exposure to associated
hazards. This conclusion was supported by Beckstrand et al. (2017) which estimated a value of
$19.7 billion for the state of Alaska’s geotechnical assets – more than three times greater than the
value of their bridge inventory based on current reconstruction costs. The technical report
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estimated that managing these assets using a preservation model would reduce overall life cycle
costs by 5% (Beckstrand et al. 2017). GRSM could realize similar long-term savings by actively
managing geotechnical assets using the USMP for FLMA.
Study Area
This study assessed unstable slopes along more than 150 miles of roadway identified by
GRSM park officials within the park. These roads were primarily function class 1 and class 7.
NPS defines class 1 roadways as principal park roads or rural parkways (public roads), which
constitute the main access route, circulatory tour, or thoroughfare for park visitors. Class 7
roadways are defined as urban parkways and city streets that serve high volumes of the park and
non-park related traffic and are restricted, limited-access facilities in an urban area (Federal
Highway Administration 2014). The Gatlinburg Spur between Gatlinburg and Pigeon Forge is an
example of a class 7 roadway that serves not only park visitors but also local and regional traffic.
Four class 2 roadways were also included in the study area. These connector roads are public
roads that provide access within a park to areas of interest such as an overlook or a campground
(Federal Highway Administration 2014).
Objectives
The objectives of this study were to (1) develop a detailed inventory and geodatabase of
unstable slopes utilizing the USMP for FLMA protocols, (2) create a density surface of hazard
and risk using kernel density estimation (KDE), and (3) select rock slopes with high likelihood of
roadway disruption for further investigation. The study provides an example of how to prioritize
high-risk rock slopes using data-driven proactive management practices.
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Methods
This study utilized the USMP for FLMA protocols to develop a digital database of
unstable slopes and their current conditions along 151 miles of road in GRSM. Site data were
added to a geodatabase in ArcGIS Pro 2.4 with the 2016 unpublished USGS geologic map and
analyzed to better understand the spatial distribution of unstable slopes. Kernel Density
Estimation (KDE) was used to identify clusters of unstable slopes with high likelihood of
roadway disruption and establish study areas for site selection. Site selection was guided by
weighted overlay analyses, which were performed for each cluster in the study area identified by
KDE. The study methods are displayed below in a flowchart (Figure 2.3) and described in the
following sections.

Figure 2.3. Methodology flowchart for Study 1

Data Collection and Preparation of Geodatabase
Primary data were collected using the USMP for FLMA standardized field form that
organizes hazard and risk data into discrete attributes and quantifies the observations where
possible (Capps et al. 2017; Beckstrand et al. 2019). The protocols can be used to assess several
types of unstable slopes such as soil and rock landslides, rockfalls, debris flows, and thawunstable slopes (Capps et al. 2017). Site assessments began in July of 2019 after a five-day
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training session led by NPS geologist Dr. Eric Bilderback and were conducted during trips to
GRSM through July of 2020. A field rating was conducted for each unstable slope using the
USMP for FLMA rating form. This rating form is included as Appendix A. Photographs of each
slope and GPS coordinates were also collected. Site data (Table 2.1) were simultaneously
uploaded to the USMP.info web portal (Figure 2.4). Preliminary and Total USMP ratings were
calculated based on the hazard and risk parameters observed in the field or reported by park
officials.
Table 2.1. Parameters Used to Calculate USMP Ratings.
Preliminary Rating
Ditch Effectiveness
Rockfall History
Block Size/Volume per event

Hazard Rating
Slope Drainage
Annual Rainfall
Slope Height

Impact on Use
AADT/Usage/Economic or
Recreational Importance

Maintenance Frequency
Structural Condition
Rock Friction

Risk Rating
Route Width
Human Exposure Factor
% Of Decision Sight
Distance
Right of Way Impacts
Environmental/Cultural
Impacts
Maintenance Complexity
Event Cost

Secondary data were acquired as spatial data layers from state and federal data download
websites. The NPS Integrated Resource Management Applications (IRMA) web portal
(IRMA.NPS.gov) provides access to natural and cultural resource datasets, species lists, statistics
regarding park visitor use, documents used to guide park management, and records of visitor
experience and interpretive goals. Road centerlines, the park boundary shapefile, and the 2016
unpublished digital geologic map of GRSM and vicinity were downloaded from the IRMA web
portal. One-third arc-second digital elevation models (DEM) were downloaded from the U.S.
Geological Survey’s (USGS) National Map (usgs.gov/core-science-systems/national-geospatialprogram/national-map). Sub-meter resolution LiDAR DEM’s were downloaded from the
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Tennessee GIS Clearinghouse (TNGIS.org/LiDAR) and North Carolina’s Spatial Data
Download website (SDD.NC.gov).

Figure 2.4. Site information were recorded using the USMP for FLMA slope rating form (Left)
and uploaded to the USMP.info web portal. Once uploaded, sites can be filtered and viewed
using an interactive web map (Right)

All LiDAR DEMs were quality level 1 (QL1) except for Blount County, TN which was
quality level 2 (QL2). These quality levels were developed by the USGS National Geospatial
Program (USGS-NGP) as a common base specification for all LiDAR data acquired for The
National Map (Heidemann 2014). These specifications place particular emphasis on the handling
of source LiDAR point cloud data rather than their derived products such as DEMs. QL2
represents the minimum acceptable quality level for USGS-NGP and the interagency 3D
Elevation Program (3DEP) collections (Heidemann 2014). Primary and secondary data were
compiled and organized to create a geodatabase of unstable slopes along primary transportation
corridors in GRSM.
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Establish Study Areas: Kernel Density Estimation (KDE)
Kernel Density Estimation (KDE) is an interpolation routine used to identify hot spots or
high-risk areas based on a set of point or line data. For this study, the kernel density tool from
ArcGIS Pro 2.7 was used to identify clusters of poorly rated unstable slopes. Line data were used
that represent the length of the affected roadway associated with known unstable slopes. Each
line was associated with a symmetrical surface centered on the line called a kernel. A Quartic
kernel with a fixed-interval bandwidth (search area) was used in this study (Silverman 1986;
ESRI 2021). This is the default in ArcGIS Pro. A larger bandwidth generates a smoother surface
with less variability between areas, an approach that is useful when the density of point data is
low. Conversely, a smaller bandwidth interval generates a finer mesh density estimate that
reveals greater differentiation among hot spots. When sample size is relatively small this will
lead to less precise estimates and may display random variation rather than hot spots or patterns
(ESRI 2021).
The following formula from ESRI (2021) was used to calculate the density value at each
output raster cell or (x, y) location.
𝑛𝑛

2

1
3
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖 2
� � 𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 �1 − �
𝐷𝐷𝑒𝑒𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝐾𝐾𝐾𝐾𝐾𝐾) =
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(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)2
𝜋𝜋
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑖𝑖=1

For disti < radius where: i = 1, …, n were the input line segments within the radius distance of
an (x, y) location; the population field popi was the total USMP Score; disti was the distance
between line segment i and the (x, y) location. The default search radius was used in the study
and was determined using an algorithm that (1) calculated the weighted mean center of input
unstable slopes; (2) calculated the distance from the weighted mean center for all sites; (3)
determined the weighted median of these distances, Dm; and (4) calculated the weighted standard
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distance, SD. Once these values were established, they were applied to the following formula:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 0.9 ∗ min �𝑆𝑆𝐷𝐷, �
values and either SD or �

1

ln(2)

1

ln(2)

∗ 𝐷𝐷𝑚𝑚 � ∗ 𝑛𝑛−0.2 where n was the sum of the population field

∗ 𝐷𝐷𝑚𝑚 , whichever value was smaller. The output KDE raster was

used to establish study areas within GRSM.
Site Selection: Weighted Overlay Analysis

Weighted overlay is a rapid, simple, and effective tool used to solve multicriteria
problems such as suitability analysis and site selection. Once input criteria have been reclassified
to a common scale (e.g., 1-10 scale), the tool allows several different inputs to be assessed using
an integrated analysis that produces meaningful results that can be easily interpreted. For this
study, the weighted overlay analysis tool in ArcGIS Pro was selected for its ease of use to
identify the most suitable unstable slopes for detailed site investigations, within each hot spot
cluster established using KDE. Six raster layers were used in each weighted overlay analyses:
Euclidean distance to road, Euclidean distance to map-scale faults, geology ranked by predicted
acid-producing potential, slope (degrees), KDE using USMP Risk score, and KDE using USMP
Hazard score.
One-meter resolution DEMs were processed to create slope raster layers which were
classified using natural breaks (Jenks). The Euclidean distance tool was used to create raster
layers for the road centerlines and map-scale faults with manual interval classification at
distances of ≤1 m, ≤10 m, ≤100 m, ≤500 m, ≤1 km, ≤2 km, ≤3 km, ≤4 km, and >5 km. The
predicted acid-producing potential layer was created by reviewing unit descriptions from
relevant literature to rank each geologic unit based on its predicted chance of significant acidproducing potential (APP) (Byerly 1996; Schaeffer and Clawson 1996; Latham et al. 2008;
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Southworth et al. 2012). Rock or another earth material with a net neutralization potential (NNP)
of less than -5 kg CaCO3/T indicates significant APP. Each unit was ranked as either NNP ≤ -5
presumed, NNP ≤ -5 possible, or NNP ≤ -5 unlikely. The following units received the highest
classification Wehutty Formation (Fm.); Anakeesta Fm.; Ammons Fm.; Copperhill Fm., slaty
metasiltstone. Each of these units have either a documented history of acid rock drainage or had
visible pyrite when samples were collected during field visits. To be conservative, Cades
Sandstone, dark metasiltstone as well as Thunderhead Sandstone, dark metasiltstone and slate
also received the highest classification due to presence of pyritic slate (Southworth et al. 2012).
Unit descriptions from Southworth et al. (2012) that included terms like quartzite, carbonate,
calcareous, limestone, dolomite, etc. received the lowest ranking. All other units were classified
as NNP ≤ -5 possible.
Prior to analysis, raster layers were reclassified to achieve a common 1-10 scale. Weights
were assigned to each input variable with the greatest influence given to the KDE raster layers.
KDE raster layers were assigned the greatest weights because density values were calculated
using USMP risk and hazard scores based on field observations of slope characteristics and
conditions. Both the hazard and risk density surfaces received 40% influence because they
contained a large amount of information regarding physical slope characteristics and human
exposure factors, respectively. All other criteria were assigned an equal percent of influence
(5%) because no strong statistical relationships were found with the dependent variable USMP
total score. While no strong statistical relationships with USMP total score was established, the
criteria were included due to their interest to the investigator. For the weighted overlay output
raster, each cell had a value of 1-10. Cells with a score of 10 represent those with the greatest
suitability for further study (Table 2.2). Detailed descriptions of scale weights and percent of
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influence for each study area can be found in Appendices B and C. An example workflow for the
weighted overlay analysis is provided below (Figure 2.5).
Table 2.2. Input Criteria for Weighted Overlay Analysis Tool in ArcGIS Pro.
Parameter
KDE (Risk)

Specific to each study area

Scale
Weight
1-10

KDE (Hazard)

Specific to each study area

1-10

40

Topography (slope in degrees)

Specific to each study area

1-10

5

Distance to Map-Scale Faulting
(m)

0-1

10

5

1 - 10

9

10 - 100
100 - 500
500 - 1000
1000 - 2000
2000 - 3000
3000 - 4000
4000 - 5000
> 5000
0-1

8
7
6
5
4
3
2
1
10

5

1 - 10
10 - 100
100 - 500
500 - 1000
1000 - 2000
2000 - 3000
3000 - 4000
4000 - 5000
> 5000
Net Neutralization Potential (NNP) ≤ -5
Suspected
Net Neutralization Potential (NNP) ≤ -5
Possible
Net Neutralization Potential (NNP) ≤ -5
Unlikely

9
8
7
6
5
4
3
2
1
10

5

Distance to Roadway (m)

Geologic Unit

Feature Class
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5
1

% Of
Influence
40

Figure 2.5. Weighted overlay analysis workflow for the Gatlinburg Spur Rd. (0011N, 0011S)
study area
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Results
USMP Inventory
By August 2020, two hundred and eighty-five (285) discrete unstable slopes had been
assessed along 151 miles of roadway in GRSM and added to the USMP database. Two hundred
and eighty (280) slopes were designated as localized rockfall, dominated by wedge and planar
failure mechanisms. The five (5) remaining sites were designated as translational landslides. One
hundred and thirty-three (133) slopes ranked as “poor” (45%), 147 as “fair” (53%), and 5 as
“good” (<2%) based on the USMP for FLMA classification system (Figure 2.6).
There are many ways to communicate findings with different stakeholders in GRSM such
as geologists, engineers, maintenance staff, and contractors. During this study, point, linear,
polygon, and heat maps were produced that can be used to present data for different applications.
The USMP for FLMA classification system defines slope conditions as “good” when the total
USMP score is <200, “fair” when it is >200 and <399, and “poor” when it is >400. This
classification system is based on experience and was designed for federal land management
agencies with low-very low traffic volumes (Beckstrand et al. 2019). Figure 2.7 shows the
distribution of 285 slopes assessed from July through December of 2019 classified by quartile
range to better compare local sites.
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Figure 2.6. Inventory map of unstable slopes assessed in GRSM from July-December 2019 displayed using the USMP
for FLMA classification system. Frequency distribution of GRSM USMP scores has been included in the frame
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Figure 2.7. Inventory map of unstable slopes assessed in GRSM from July-December 2019 classified by USMP Total
Score quartile range
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The majority (72%) of unstable slopes were identified along three main roads in the park:
Little River Gorge Rd, Newfound Gap Rd, and the Gatlinburg Spur Rd (Figures 2.8, 2.9, 2.10).
Eighty-two slopes (32%) are located along Little River Gorge Rd in the Metcalf Phyllite, Cades
Sandstone, and Thunderhead Sandstone geologic units (Figures 2.8, 2.11). Further, four of the 10
highest-rated slopes are located along Little River Gorge Rd (Table 2.4) (Figure 2.12). Forty-six
slopes (18%) were located along Newfound Gap Rd, which crosses the NC-TN state border in
the Anakeesta Fm., Copperhill Fm., and the Thunderhead Sandstone (Figures 2.9, 2.11). Fiftyfive (22%) unstable slopes were identified along the Gatlinburg Spur primarily in the Pigeon
Siltstone and to a lesser extent in the Rich Butt Sandstone (Figures 2.10, 2.11).
The remaining one hundred and two unstable slopes were distributed along the other
primary transportation corridors. Notably, thirty-three (12%) slopes were identified along
Foothills Parkway West which includes sections E, F, G, H from Chilhowee at the southwest to
Wears Valley at the north near Sevierville, TN (Figure 2.13). Additionally, fifteen (5%) unstable
slopes were assessed along Lakeview Drive East near Bryson City, NC within the Wehutty and
Copperhill Formations (Figure 2.14). A complete account of the distribution of unstable slopes
with additional details has been included as a table (Table 2.5). Most of the primary roads and
unstable slopes in GRSM are located on the Tennessee side of the park in the Foothills of the
Western Blue Ridge Physiographic Province.
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Figure 2.8. Eighty-two unstable slopes along Little River Gorge Road (GRSM-0014) and
seventeen unstable slopes along Laurel Creek Road (GRSM-0015) with underlying geology and
map-scale faulting (1:100,000)
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Figure 2.9. Thirty-five unstable slopes along Newfound Gap Road North (GRSM-0010N),
eleven unstable slopes along Newfound Gap Road South (GRSM-0010S), and twenty-six
unstable slopes along Clingman’s Dome Access Road (GRSM-0017) with underlying geology
and map-scale faulting (1:100,000)
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Figure 2.10. Twenty-two unstable slopes along the Gatlinburg Spur Road (Southbound) (GRSM0011S) and twenty-three unstable slopes along Gatlinburg Spur Road (Northbound) (GRSM0011N)
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Figure 2.11. The frequency distribution of unstable slopes in GRSM organized by route and geologic unit
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Figure 2.12. Ten highest USMP total scores in the park
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Figure 2.13. Ten unstable slopes along Foothills Parkway Section 8E (GRSM-0008E) within the
Shields and Wilhite Formations. A total of twenty-nine discrete unstable slopes were identified
along Foothills Parkway West which includes sections E, F, G, and H from Chillhowee to Wears
Valley
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Figure 2.14. Fifteen unstable slopes along Lakeview Drive East (GRSM-0019) in the Copperhill
and Wehutty Formations
46

ROUTE
ID

HAZARD
TOTAL

RISK
TOTAL

5463

0014

Little River
Gorge Road

Metcalf
Phyllite

504

480

2

51

5387

0014

244

66

5401

0014

395

396

4

204

5990

0011
S

Metcalf
Phyllite
Thunderhead
Sandstone
Pigeon
Siltstone

575

3

430

345

5

207

5993

0011
S

Pigeon
Siltstone

420

345

Planar; Wedge;
Toppling

6

215*

6001

0011
S

Pigeon
Siltstone

419

343

Planar; Wedge

7

110

5464

0014

Little River
Gorge Road
Little River
Gorge Road
Gatlinburg Spur
Road
(Southbound)
Gatlinburg Spur
Road
(Southbound)
Gatlinburg Spur
Road
(Southbound)
Little River
Gorge Road

Metcalf
Phyllite

458

304

8

2

5273

0010
S

Newfound Gap
Road South

Anakeesta
Formation

477

279

9

187

5925

0015

324

70*

5437

0014

Cades
Sandstone
Thunderhead
Sandstone,
dark
metasiltstone,
and slate

427

10

Laurel Creek
Road
Little River
Gorge Road

Wedge;
Indeterminate
Rock Failures
Planar; Wedge;
Raveling/Unde
rmining
Planar; Wedge

360

391

Planar; Wedge
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HAZARD
TYPE

USMP ID

109*

UNIT
NAME

GRSM ID

1

ROAD
NAME

RANK

Table 2.3. Ten Highest-Ranked Sites from GRSM USMP Database Based on Hazard and Risk
Scores. Sites with An Asterisk (*) Were Selected for Further Study by The Weighted Overlay
Analysis.

Planar;
Indeterminate
Rock Failures
Planar; Wedge
Planar; Wedge;
Toppling
Planar; Wedge

Table 2.4. Distribution of Unstable Slopes by GRSM Route
Route Name
Foothills Parkway Section 8a

Route
#
0008A

Foothills Parkway Section 8e

0008E

Foothills Parkway Section 8f

0008F

Foothills Parkway Section 8g

0008G

Foothills Parkway Section 8h

0008H

Newfound Gap Road North

0010N

Newfound Gap Road South

0010S

Gatlinburg Spur Road (North)

0011N

Gatlinburg Spur Road (South)

0011S

Little River Gorge Road

0014

Laurel Creek Road

0015

Clingmans Dome Access Road

0017

Elkmont Road

0018

Lakeview Drive East

0019

Cherokee Orchard Road

0027

Heintooga Ridge Road

0107

Roaring Fork Motor Nature
Trail
Total:

0150

Route Length
(miles)
5.68
(9.14 km)
8.36
(13.45 km)
6.3
(10.14 km)
10.11
(16.27 km)
6.9
(11.10 km)
14.98
(24.11 km)
16.98
(27.33)
4.09
(6.58)
4.32
(6.95 km)
12.62
(20.31 km)
7.79
(12.54 km)
6.93
(11.15 km)
1.53
(2.46 km)
5.89
(9.48 km)
3.62
(5.83 km)
5.34
(8.59 km)
5.34
(8.59 km)

4

# Of Unstable Slopes
Assessed

1.40

% Of Total
Inventory

10

3.51

2

0.70

9

3.16

8

2.81

35

12.28

11

3.86

33

11.58

22

7.72

82

28.77

17

5.96

26

9.12

1

0.35

15

5.26

3

1.05

5

1.75

2

0.70

285

100
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Physiographic Province
Foothills of the Western Blue
Ridge
Foothills of the Western Blue
Ridge
Foothills of the Western Blue
Ridge
Foothills of the Western Blue
Ridge
Foothills of the Western Blue
Ridge
Highlands of the Western Blue
Ridge
Highlands of the Western Blue
Ridge
Foothills of the Western Blue
Ridge
Foothills of the Western Blue
Ridge
Foothills of the Western Blue
Ridge
Foothills of the Western Blue
Ridge
Highlands of the Western Blue
Ridge
Highlands of the Western Blue
Ridge
Highlands of the Western Blue
Ridge
Highlands of the Western Blue
Ridge
Highlands of the Western Blue
Ridge
Highlands of the Western Blue
Ridge

Kernel Density Estimation
The output density surface created using KDE had a spatial resolution of ten meters and
was presented using equal interval classification. Dark areas have the greatest density of unstable
slopes, whereas light areas have lower density of unstable slopes (Figure 2.15). Five clusters of
unstable slopes with a high likelihood of roadway disruption were identified along the
Gatlinburg Spur, Newfound Gap Rd near the TN-NC border, and Little River Gorge Rd. Based
on the KDE results, the clusters were grouped into three areas of interest along (i) Gatlinburg
Spur Road, (ii) Newfound Gap Road, (iii) Little River Gorge Road. Foothills Parkway West and
Lakeview Drive East did not show any leading clusters, however, they were included as two
additional areas of interest for further study based on their documented history of environmental
hazards, such as acid rock drainage. To help with the site selection process for additional detailed
studies, all five areas of interest were included in weighted overlay analyses (Figure 2.16).
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Figure 2.15. Four high density clusters of poorly-rated slopes were identified in GRSM using Kernel Density Estimation
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Figure 2.16. Study areas along Little River Gorge (0014) & Laurel Creek Roads (0015) and Newfound Gap Road (0010) based on
KDE results. Two study areas were also established along Foothills Parkway West (008E, F, G, H) and Lakeview Drive East (0019)
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Weighted Overlay Analysis
Correlation matrices produced in Microsoft SPSS did not produce statistically significant
correlations between variables of interest. Weights were therefore selected based on field
experiences and the need to select appropriate sites for further analyses. Five suitability maps
were produced from the weighted overlay analyses with cell size of 1-m and cell values ranging
from 1-10. Sites that produced the highest value cells were considered most suitable for detailed
site assessments. USMP risk scores were overlaid on the weighted overlay maps. In situations
where multiple sites intersected high value cells, the site with the highest USMP risk score was
selected. Three sites were selected from the Gatlinburg Spur, two sites on the southbound road
and one at the southern terminus of the northbound road (Figure 2.17). Table 2.6 lists the fifteen
sites selected based on weighted overlay analyses.
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Table 2.5. Sites Selected for Further Investigations Based on Weighted Overlay Analysis
USMP ID

GRSM ID

ROAD NAME

ROUTE
ID

UNIT NAME

HAZARD
TOTAL

RISK
TOTAL

HAZARD TYPE

5463

109

Little River Gorge Road

0014

Metcalf Phyllite

504

480

6001

215

Gatlinburg Spur Road (South)

0011S

Pigeon Siltstone

419

343

Planar; Indeterminate Rock
Failures
Planar; Wedge

5437

70

Little River Gorge Road

0014

360

391

Planar; Wedge

5354

20

Newfound Gap Road South

0010S

Thunderhead Sandstone,
Dark Metasiltstone and
Slate
Thunderhead Sandstone

399

312

Wedge

6480

225

Gatlinburg Spur Road (North)

0011N

Rich Butt Sandstone

402

275

Wedge

5420

88

Little River Gorge Road

0014

Cades Sandstone

379

296

Planar; Wedge

5456

105

Little River Gorge Road

0014

Metcalf Phyllite

300

361

Planar; Wedge; Toppling

5419

87

Little River Gorge Road

0014

Cades Sandstone

350

310

Wedge

5295

13

Newfound Gap Road North

0100N

Anakeesta Formation

371

270

Wedge

5282

10

Newfound Gap Road North

0010N

213

367

Wedge; Toppling

6002

216

Gatlinburg Spur Road (South)

0011S

Anakeesta Formation,
Metagraywacke and
Metasiltstone
Pigeon Siltstone

189

304

5713

153

Lakeview Drive East

0019

Wehutty Formation

313

172

Wedge; Indeterminate Rock
Failures
Planar; Wedge

5720

155

Lakeview Drive East

0019

Wehutty Formation

165

249

Planar; Wedge

5601

137

Foothills Parkway Section 8e

0008E

Wilhite Formation

189

190

5884

168

Foothills Parkway Section 8e

0008E

Shields Formation,
Conglomerate

189

157

Planar; Wedge;
Indeterminate Rock Failures
Planar; Wedge
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Figure 2.17. Suitability maps produced by the weighted overlay tool were used to select sites for further investigation
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Discussion
The geodatabase and inventory maps created in this study represent an important step
towards implementing long term GAM protocols in GRSM. The cluster maps created using KDE
highlight sections of road where slopes with a high likelihood of roadway disruption are most
concentrated and can be used to communicate risk to park visitors and commuters. Further
investigation of sites within these clusters may also provide insights into whether there is some
geological or geometric condition influencing slope stability. Once study areas were established
based on results from KDE and input from park officials, weighted overlay analysis was a rapid
and effective way in selecting sites for detailed assessment. The next steps to be taken include
rockfall simulations and ABA tests at fourteen selected sites identified by the weighted overlay
analysis. These investigations will provide a better understanding of the potential impacts of
rockfalls on roadway infrastructure and the environment as well as insight regarding whether
there is a relationship between acidic rock and USMP hazard ratings.
USMP Inventory
Most unstable slopes identified in this study are located on the north side of the park in
Tennessee (88%) with only one KDE cluster identified in North Carolina. Many of these slopes
are within the Foothills of the Western Blue Ridge Physiographic Province. This province is
bound to the north by the Great Smoky Fault and to the south by the Gatlinburg Fault and is
characterized by rolling hills with predominately sedimentary bedrock (Neoproterozoic,
Cambrian, Lower Ordovician) which are either low-grade greenschist facies or have not been
metamorphosed. About a quarter of all slopes were in the higher-grade metamorphic rocks of the
Highlands of the Blue Ridge and less than 7% of sites were in the Tennessee Valley and Ridge.
Geologic units with the greatest number of unstable slopes along major transportation corridors
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are Neoproterozoic in age and include the Pigeon Siltstone (n=45) and Metcalf Phyllite (n=45) of
the Snowbird Group; Thunderhead Sandstone (n=30), Cades Sandstone (n=27), Anakeesta Fm.
(n=28), and the Copperhill Fm. (n=25) of the Great Smoky Group. The remaining eighty-five
slopes were distributed among eleven other rock formations.
The primary reason why more clusters and more unstable slopes in general are on the
north side of the park is because this is where the majority of roadway within the study area
exists. This represents a limitation of the study as presence of clusters are controlled by the
roadways and data collection sites. However, it may also be true that rock units within the
Foothills of the Western Blue Ridge Physiographic Province are more susceptible to rockfalls
and rockslides where road cuts exist than rock units within the Highlands. Future studies could
evaluate whether a relationship exists between the metamorphic grade of geologic units and
instability. Ultimately, the aim of this study was to assess unstable slopes along major
transportation corridors in GRSM, so data collection was constrained to accomplish that goal.
Results from this study affirm that GRSM’s major transportation corridors are vulnerable
to localized slope failures. Insights from the study can be used by GRSM park officials to help
develop short- and long-range management and mitigation plans, an important aspect of the
GAM process. These plans can inform park officials’ efforts to monitor the performance of
geotechnical assets and make periodic updates to the GAM plan in GRSM. In addition to
ongoing condition assessments and performance monitoring, future effort should be directed to
develop forecasting models that estimate future changes in performance of discrete slopes. These
forecasting models provide an opportunity for GRSM park officials to anticipate changes to
management costs and evaluate program alternatives.

56

Kernel Density Estimations
The global density surface created using USMP total score as the population field helped
highlight areas where unstable slopes pose significant risk to park visitors and commuters along
GRSM primary routes. The cluster map was helpful in establishing study areas within the park
where sub-meter resolution DEMs were used in the weighted overlay analysis. To-date there is
not a parkwide DEM that takes advantage of the sub-meter resolution DEMs available from
TNGIS and NCSDD, so establishing these study areas allowed for more deliberate data
acquisition. This is significant because long processing times are associated with the large file
sizes of these elevation models.
Weighted Overlay Analysis
A notable benefit of using weighted overlay analysis was that it provided a quick solution
for the site selection process that considered multiple criteria, such as the underlying geology
(i.e., distance to map-scale faulting or acid-producing potential of bedrock). This offered the
advantage of selecting sites from a variety of geologic units along several different roads in the
park based on multiple criteria.
In this study, a conservative approach was used when selecting criteria for the weighted
overlay analysis where hazard and risk received the greatest weight (40% each). A limited
weight (5% each) was applied to each additional criterion to avoid over emphasizing their
importance in site selection. The rationale for this approach was that significant insights from
field investigations were contained within the density surfaces and because a statistically
significant relationship was not established between USMP score and slope, distance to fault,
distance to road, or APP. These criteria were included in the model despite the lack of
statistically significant relationship to USMP scores for a few reasons. The distance to map-scale
57

faulting criterion was included to account for potential geomorphic implications of weakened
rock near faults. Unstable slopes near map-scale faulting may have cataclastic rocks like fault
gouge, fault breccia, or cataclasite which can be easily eroded and may contribute to instability.
The predicted APP of rock units was included as a criterion because acidic rock requires special
handling after a slope failure which makes it an important consideration for the GAM program in
GRSM. The distance to road layer was included to help constrain high values in the model
output however, this could have been omitted because the hazard and risk density surfaces
achieved this on their own. Slope was another criterion that could have been omitted because
most of the unstable slopes assessed in this study were vertical cut slopes and their slope is not
represented well by the DEMs used to generate the slope layer.
This type of prioritization workflow could be adopted and adapted by a state DOT,
FLMA, or future researcher to suit their specific needs. Although it is heuristic in nature, it
provided an effective way to prioritize high-risk sites from an exhaustive inventory. For
example, sites for mitigation efforts could be selected based on a set of criteria related to a
specific performance objective, hazard of interest, or slope property (e.g., fracture density or
slope orientation).
Conclusion
Implementing long-term, risk-based strategic GAM is imperative for GRSM officials
who are responsible for achieving performance objectives with a fluctuating annual budget. The
study succeeded in creating the first exhaustive inventory of unstable slopes along major
transportation corridors in GRSM and provides an example of how to prioritize high-risk rock
slopes using data-driven proactive management practices. The inventory developed in this study
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will assist park officials in their efforts and foster a better understanding of life cycles of discrete
unstable slopes.
This study utilized the USMP for FLMA protocol to create a detailed inventory of 285
unstable slopes, of which five slopes were ranked as being in good condition, 147 as fair, and
133 as poor according to the USMP for FLMA classification system. Four clusters of unstable
slopes with high likelihood of roadway disruption were identified along three major
transportation corridors using KDE. Five study areas were established, one surrounding each
cluster and another two in areas of special interest due to their geologic setting. Six input criteria
were evaluated by weighted overlay analyses for each study area: risk and hazard density
surfaces from KDE analysis, slope, proximity to map-scale faulting, proximity to roadway, and
the predicted APP of geologic units. Based on the weighted overlay analysis results, fourteen
sites were selected for further site-specific investigations. As state DOTs and FLMAs across the
country adopt and implement GAM programs, prioritization workflows like the one presented
here can be used to target remediation and mitigation efforts. This is significant because once an
inventory has been created, the decision of where to target proactive management or mitigation
can be daunting.
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CHAPTER 3. PROBABILISTIC ROCKFALL SIMULATIONS AND ACID BASE
ACCOUNTING AS PART OF A GEOTECHNICAL ASSET MANAGEMENT STRATEGY IN
GREAT SMOKY MOUNTAINS NATIONAL PARK
3

Abstract
by
Thomas O’Shea, Arpita Nandi, Eric Bilderback
Data on factors that influence rockfall outcomes are needed by park officials who manage
geotechnical assets. In this study, investigations of fourteen sites in Great Smoky Mountains
National Park were performed to evaluate potential impacts of discrete unstable slopes along
major roadways. Two-dimensional probabilistic rockfall simulations and Acid Base Accounting
(ABA) tests (Modified Sobek Method) were used to predict rockfall pathways and evaluate the
acid-producing potential of rocks. Simulations indicate that rock material would likely enter the
roadway at all fourteen sites and suggest that runout distance is inversely related to the width to
the ditch. ABA test results indicate that influence of Acid Rock Drainage on rockfall outcomes
are generally confined to slaty rocks of the Anakeesta Fm. and graphitic schist of the Wehutty
Fm. These results can help park officials develop mitigation strategies for rockfall, using
strategies such as widening ditches, installing barriers, and encapsulating acidic rockfall material.

Keywords: geotechnical asset management, USMP for FLMA, acid base accounting,
rockfall simulations
65

Introduction
Rockfalls, block slides, and rock wedge slides are the most frequent types of slope failure
in Great Smoky Mountains National Park (GRSM) and are a consequence of complex
interactions between rock and soil properties, bedrock joint geometries, precipitation duration
and intensity, topography, and hydrological conditions (Varnes 1978; Thornberry-Ehrlich 2008;
Hungr et al. 2014). Rockfalls are defined by Hungr et al. (2014) as the “Detachment, fall, rolling,
and bouncing of rock fragments.” These events can occur as single blocks or as clusters of rocks
where the most mobile fragments interact primarily with the substrate (path) (Hungr et al 2014).
Block slides occur when a mass of rock slides along a planar rupture surface such as fault planes,
foliation, or relief joints (Hungr et al. 2014). Rock wedge slides are similar to block slides and
occur when mass of rock slides along a rupture surface formed by two intersecting planes with a
downslope orientation (Hungr et al. 2014).
The unpredictable nature including the frequency and magnitude of rockfall threatens
human lives and infrastructure in GRSM. When people, vehicles, or highways are in the path of
the rockfalls, these events can cause economic loss, injury, or even loss of life. Traffic accidents
are the leading cause of death in GRSM and are occasionally associated with slope failure events
(McKie 2019; Schultz 2021). Due to the potential damaging impact on roadway infrastructure
and safety concerns for park visitors, rockfall and rockslides along transportation corridors are a
constant concern for GRSM park officials and maintenance personnel (Wegwerth 2019).
Evaluating the potential impact on roadway infrastructure at known unstable slopes represents a
proactive management strategy that can provide valuable insight for park officials who are
responsible for managing geotechnical assets on a fluctuating annual budget. Researchers in Zion
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National Park concluded that reactive management can be four to five times more expensive for
rockfall than proactive management (FHWA 2020).
A study performed by the author and his collaborators, detailed in Chapter 2, reported
nearly all unstable slopes in GRSM have wedge or planar rupture surfaces, or both. That study
produced the first exhaustive unstable slope investigative report for the entire park, using the
Unstable Slope Management Program for Federal Land Management Agencies (USMP for
FLMA) protocols. The work produced an inventory of unstable slopes and evaluated their
current hazard and risk conditions along the major transportation corridors in GRSM (Figure
3.1). A total of 285 unstable slopes were studied along 151 miles of roadway, of which 280
slopes were designated as localized rockfall, dominated by wedge and planar failure
mechanisms. The next step towards risk assessment in GRSM involves evaluating potential
impacts of rockfall on roadway infrastructure by identifying and characterizing dangers related to
rock mass, source zones, trajectories, rock block velocity and energy, bounce height, and runout
analyses. The risk assessment may help park officials choose the most suitable strategies to
mitigate rockfall related risks in the park.
Additionally, the presence of acid-producing rock in rockfall prone areas presents
potential negative impacts on roadway infrastructure and surrounding rivers or streams. In
GRSM, Acid Rock Drainage (ARD) was documented by Huckabee (1975) after road
construction on a section of the Newfound Gap Rd. Most rocks in the Western Blue Ridge
Physiographic Province contain at least trace amounts of sulfide minerals such as pyrite and
many studies have been conducted in the Southern Appalachians that suggest ARD represents an
important consideration for the GAM strategy in GRSM (Byerly 1996; Schaeffer and Clawson
1996; Hammarstrom et al. 2003; Latham et al. 2009).
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Figure 3.1. Inventory of unstable slopes along major transportation corridors in GRSM

Study Area
This study used two-dimensional probabilistic rockfall simulations and ABA tests to
predict rockfall pathways and evaluate the acid-producing potential of rocks at fourteen discrete
unstable slopes. Field investigations that included sample collection were performed at four
slopes along Little River Gorge Rd. (GRSM-0014), three slopes along both Newfound Gap Rd.
(GRSM-0010N) and the Gatlinburg Spur Rd. (GRSM-0011), and two slopes along both Foothills
Parkway Section 8E (GRSM-0008E) and Lakeview Drive East (GRSM-0019). These roads are
function class 1 and class 7. NPS defines class 1 roadways as principal park roads or rural
parkways (public roads), which constitute the main access route, circulatory tour, or
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thoroughfare for park visitors. Class 7 roadways are defined as urban parkways and city streets
that serve high volumes of the park and non-park related traffic and are restricted, limited-access
facilities in an urban area (Federal Highway Administration 2014). The Gatlinburg Spur between
Gatlinburg and Pigeon Forge is an example of a class 7 roadway that serves not only park
visitors but also local and regional traffic.
Objective
The objective of this research is to perform fourteen site specific investigations that
predict rockfall pathways using probabilistic simulations and perform ABA tests to evaluate the
APP of rocks. These data on factors that influence rockfall outcomes can be used by park
officials who manage geotechnical assets as well as geologists and engineers who develop
mitigation strategies for rockfall.
Probabilistic Rockfall Simulations
Accurately predicting rockfalls is difficult due to variability in slope geometry, uncertain
material properties, and the sensitivity of analysis methods (Stevens 1998). However,
probabilistic simulations and statistical analyses are an effective and acceptable method for
evaluating potential impact, informing engineering designs and mitigation efforts (Stevens
1998). Many software programs exist for modeling rockfall trajectories; some of which use a
deterministic approach while others use a probabilistic approach (Dorren and Seijmonsbergen
2003; Li and Lan 2015). Due to the many uncertainties associated with rockfall modeling such as
variable slope geometry and material properties and uncertain initial conditions, most software
programs use a probabilistic approach (Stevens 1998; Li and Lan 2015). Colorado Rockfall
Simulation Program (CRSP) and RocFall are two commonly used programs in the engineering
and geomechanics fields. The CRSP was originally written and developed by Timothy J. Pfeiffer
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at the Colorado School of Mines in 1987, with a most recent updated version 5.0 (Bartingale
2009). RocFall was developed by Stevens (1998), a graduate student in the Rock Engineering
Group at the University of Toronto under the leadership of Dr. Evert Hoek and Dr. John Curran.
and RocScience, Inc. Rockfall movements can be simulated by numerical models based on rigid
body ballistics (Stevens 1998; Hungr et al. 2014; Sazid 2019).
Rigid body models take into consideration block geometry whereas lumped mass models
represent blocks as dimensionless points. RocFall is a 2-D probabilistic analysis software
program that can be used to predict rockfall based on lumped mass and rigid body mechanics
(Stevens 1998; Hungr et al. 2014). The program provides a probabilistic analysis of the energy,
velocity, bounce height, and runout distance induced from rockfall events. The rock type library
in the rigid body analyses helps to define rock properties. Additionally, the density, mass,
quantity, and shape of rock can be defined in the RocFall model analysis. Slope geometry can be
accurately represented in the software by importing topographic profiles from a high-resolution
digital elevation model (DEM) and editing vertices to agree with field observations. The
software can help researchers assess slopes at risk for rockfalls and evaluate mitigation
strategies.
Environmental Impact (Acid Base Accounting)
Another consideration when evaluating the potential impact, a slope failure event has on
roadway infrastructure is the acid-producing potential (APP) of the rock. Rocks with significant
APP require special consideration due to the potential negative environmental impacts and
deleterious effects on construction materials (Byerly 1996). Orndorff (2001) compiled a list of
documented negative engineering impacts from acid sulfate weathering. The list cites problems
of concrete degradation from expansive sulfates used in aggregate material, worsened erosion
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along road banks due to vegetative failure, corrosion of concrete piles poured in situ, slope
instability, landslides, and acid drainage along roadcuts, among others. To avoid potential
problems associated with ARD, the disposal of waste rock from a rockfall requires special care
(Byerly 1996; Schaeffer and Clawson 1996).
ARD refers to the acidic and often metalliferous leachate that is produced when sulfide
minerals, such as pyrite (FeS2) weather to form sulfuric acid (H2SO4) and ferric hydroxide
(Fe(OH)3) (Table 3-1). This occurs when sulfidic rock or soil is exposed to air and water as a
result of earth-disturbing activities including, the failure of an unstable slope. Pyrite (FeS2)
oxidation is affected by physical, chemical, and microbial factors but is generally described by
the following equations (Rahn 1986):
Table 3.1. Equations That Generally Describe the Oxidation of Pyrite
1

2FeS2 + 7O2 + 2H2O  2FeSO4 + 2H2SO4

2

4FeSO4 + 2H2SO4 + O2

3

2Fe2(SO4)3 + 12H2O  4Fe(OH)3 + 6H2SO4

 2Fe2(SO4)3 + 2H2O

ARD is widely recognized as an important consideration for mineral exploration and
mining operations due to the well documented history of environmental problems related to the
process. For example, leachate flowing from seeps along Little Ford Creek near an abandoned
gold mine in South Carolina rendered a costly passive treatment system completely ineffective
(Lowry 2019). Together, federal and state agencies have spent more than $27M addressing water
quality threats at abandoned gold mines in South Carolina (Fretwell 2014). Historically, most
assessments of the acid-producing potential of rocks have been in response to an environmental
problem and have evaluated the impacts of ARD on water quality and aquatic life. However,
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studies have also acknowledged the impacts on construction projects and existing infrastructure
(Byerly 1996; Schaeffer and Clawson 1996; Daniels and Orndorf 2003; Latham et al. 2009).
A five-year study completed by the North Carolina Geological Survey (NCGS) along the
North Carolina section of the Blue Ridge Parkway (BLRI) examined the statistical relationships
between failure mechanisms and lithology of unstable rock slopes, paying particular attention to
the APP of sulfidic, graphitic bedrock units to evaluate the perceived decrease in slope stability
of these rocks (Latham et al. 2009). A conclusion drawn from that study was that site-specific
rock slope stability assessments provide useful information which can help inform decisions
relating to GAM protocols that ultimately aim to reduce transportation asset life-cycle costs and
improve safety (Latham et al. 2009). The study also concluded that the acid-producing potential
of some rocks along the North Carolina section of the BLRI can be a contributing factor in rock
slope failures. This was observed in sulfidic and graphitic metagraywackes of the Blue Ridge
Physiographic Province. Moreover, Daniels and Orndorff (2003) concluded that the stability of
fill material is compromised when untreated acid-producing rock is used in construction that the
life cycles of building materials are diminished due to corrosion, and that vegetation depletion
can exacerbate or initiate erosion and acid runoff along roadways.
Schaeffer and Clawson (1996) conducted geologic mapping, petrographic analysis, and
ABA tests as part of a road and transmission line construction project in southwestern North
Carolina where the acid-producing rocks of interest included Anakeesta Formation graphitic
schist and thin layers of sulfidic rock within the Ammons Formation, both of which are present
in GRSM. The construction project required the use of an encapsulating embankment design
similar to several large highway projects in the Blue Ridge Physiographic Province in Tennessee
and North Carolina to prevent acid drainage (Byerly 1996; Schaeffer and Clawson 1996). Their
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study exemplifies the special handling required for acid-producing material to minimize ARD
and avoid costly mitigation of adverse environmental impacts (Byerly 1996). The potential
negative impacts on physical infrastructure and surface waters illustrate how evaluating the acidproducing potential at rockfall prone cut slopes can help inform waste rock management
strategies and why ARD represents an important consideration for the GAM strategy in GRSM.
Methods
Rockfall simulations and ABA tests were conducted at fourteen discrete slopes in this
study to develop a geologic and environmental framework for slope remediation to maintain the
integrity of roadways in GRSM (Figure 3.2). Sites were selected based on results from a
weighted overlay analysis performed by the author, detailed in Chapter 2. Weighted overlay
analysis is a rapid and effective tool used to solve multicriteria problems such as site selection or
suitability analysis. A raster layer with predicted APP for each geologic unit was included in the
weighted overlay analysis.
Field assessments were conducted at each rock slope to collect field measurements and
identify potential rockfall pathways. Rockfall simulations were completed using the software
program RocFall using the rigid body analysis method. Validation of model results was
performed by comparing the rock pathways and endpoints to photographs taken during field
visits, notes recorded in the field, and Google Street View. Photographs and field notes provided
an account of rock block locations along the slope, contained within the ditch, and occasionally
within the roadway. For several sites, traces of scars associated with the impacts of blocks on the
roadways were also observed and recorded. Rock samples were collected during field
assessments and were sent to a commercial laboratory for ABA tests which used the Modified
Sobek Method. The study methods are displayed below in a flowchart (Figure 3.3).
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Figure 3.2. Discrete unstable slopes selected for rockfall simulations and ABA testing. Callout labels indicate the site ID number
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Figure 3.3. Methodology flowchart for study 2
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Probabilistic Rockfall Simulations
Project Settings
The rigid body analysis method with tangential CRSP damping was used for the general
project settings. Activating tangential CRSP damping enables the coefficient of tangential
restitution (Rt) for all slope materials (Table 3.2). One thousand (1,000) rocks, distributed evenly
between seeders, were thrown for each simulation and imperial foot-pounds (ft, lb, ft-lb) were
selected for the units. The default value of 0.33 ft/s for normal velocity cutoff, 0.33 ft/s for
stopped velocity cutoff, 0.01 s for maximum timestep, and -3.3e-09 ft/s for switch velocity were
used at all fourteen sites. The maximum time per rock and maximum steps per rock varied from
site-to-site. A full account of engine conditions can be found in Appendix E. Probabilistic
simulations for each site applied the monte-carlo sampling method and used the number
12345234 as the pseudo-random seed which makes simulations reproducible.
Topographic Profiles
Developing a topographic profile for each slope was an iterative process that began with
creating a preliminary slope profile using the stack profile tool in ArcGIS Pro (Figure 3.4). The
stack profile tool uses an input line segment and a target surface model. The tool creates a table
of Y values (elevation) interpolated from the surface model for each X coordinate (distance)
along the input line. Aerial imagery and photographs collected during USMP for FLMA field
assessments helped guide where input line segments were positioned, and 1-m resolution LiDAR
DEMs were used as the target surface models.
The preliminary profiles were taken into the field and used to record field data and
adjusted based on field measurements taken using a TruPulse® laser range finder to reflect slope
geometry more accurately. Lithology, approximate block dimensions and shape(s), seeder
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locations, and launch features were verified and recorded at each slope. The term seeder refers to
the starting location for a rock on or above the slope surface. Seeders can be defined as a single
point (referred to as a “point seeder” in RocFall) or as a polyline (referred to as a “line seeder” in
RocFall). Where line seeders were used, the initial position of each rock was randomly generated
somewhere along the length of the polyline (Stevens 1998). The term launch feature refers to any
irregularity or deviation along a rock slope that when struck may change the trajectory of a
falling rock (Gullixson et al. 2001). An example of the field form used to collect these data is
included as Appendix D.
Additional input data such as roadway width, ditch properties, presence of mitigation
measures were pulled from the USMP geodatabase developed in Study 1 and verified in the
field. Input lines were redrawn in ArcGIS Pro based on field observations to create revised
topographic profiles. Profiles were exported as .csv tables and converted to comma delimited
text files in Microsoft Notepad, which are compatible with RocFall software. Final revisions
were completed in RocFall so that each slope model approximated field conditions.
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Figure 3.4. Methods used to create topographic profiles for models in RocFall
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Slope and Seeder Properties
Slope and seeder material properties were selected from the RocFall slope material and
rock type libraries, respectively. RocScience developed the slope material and rock type libraries
by compiling data from national rock catalogues, published academic and professional research
studies, and feedback from users of previous versions of RocFall (RocScience Inc. 2020). The
coefficient of restitution variables are related to the amount of the original kinetic energy that is
restored to the falling rock after colliding with the rock slope. The coefficient of restitution is the
ratio of the velocity after impact over the velocity before impact. Stated another way, it
represents the damping effect when falling rock collides with the rock slope. For rockfall
analyses, the coefficient of normal restitution (Rn) value typically ranges from 0.3 to 0.5 while
the coefficient of tangential restitution (Rt) value typically ranges from 0.8 to 0.95 (Stevens
1998). Soils or other relatively soft materials have lower values while bedrock and asphalt have
relatively higher values. Dynamic friction, also known as sliding friction, is the resistance that
acts on a rigid body (rock block) as it slides over a surface (slope face) (Dorren 2003). The
rolling friction is the resistance to motion experienced by a rigid body (rock block) when it rolls
upon a surface (slope face). In theory there should not be any sliding during the rolling motion.
Slope material properties used in this study are displayed in Table 3.2.
Point seeders were added to each slope based on field observations and line seeders were
added along slopes where point sources were not obvious for example, where rock debris and
fragments were observed along the length of a slope and within the ditch. Each seeder required
block shape(s), dimensions, and a density value that was specified using the rock type library. An
appropriate rock type was selected for each seeder to determine density while block shape(s) and
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dimensions were taken from field notes. Together, the density and dimension inputs were used to
calculate block mass.
Initial horizontal, vertical, and rotational velocities can be selected in the initial
conditions interface of RocFall. Researchers have used a range of values for initial velocities
(RocScience 2002; Yuan et al. 2015; Dorren 2016; Al E'bayat 2017). Yuan et al. (2015)
performed a sensitivity analysis of the factors affecting rockfall runout distances and found that
the effects of velocity were much smaller than the slope geometry. A conservative initial
horizontal velocity of 4.9 ft/s (1.5 m/s) was used for every seeder while initial vertical and
rotational velocities were set to 0 ft/s (0 m/s). These are the default values recommended by the
RocFall user’s guide (RocScience 2002). A complete account of seeder properties and rock types
is included as an appendix.
Table 3.2. Slope Material Properties Used in This Study
Parameter
Coefficient of normal
restitution (Rn)
Coefficient of tangential
restitution (Rt)
Dynamic Friction
Rolling Friction

Barren
Bedrock
0.4 ± 0.04

Vegetated
Bedrock
0.32 ± 0.04

Talus, Loose
Rock Debris
0.32 ± 0.04

Asphalt
0.4 ± 0.04

Generalized
Soil
0.3

0.8 ± 0.04

0.71 ± 0.04

0.82 ± 0.04

0.9 ± 0.03

0.81

0.55 ± 0.04
0.15 ± 0.02

0.58 ± 0.04
0.4 ± 0.02

0.56 ± 0.04
0.65 ± 0.04

0.55 ± 0.04
0.1 ± 0.01

0.56
0.59

Environmental Impact (Acid Base Accounting)
Rock samples were collected from all fourteen sites, as loose material along the toe of
slopes, in compliance with the scientific research and collecting permit granted by the NPS to
minimize impact to park resources (Figure 3.5). Figure 3.5 shows a map of the predicted APP
based on surface geology in GRSM. The map was created by reviewing unit descriptions from
relevant literature to rank each geologic unit based on its predicted chance of significant APP
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(Byerly 1996; Schaeffer and Clawson 1996; Latham et al. 2008; Southworth et al. 2012). Rock
or another earth material with a net neutralization potential (NNP) of less than -5 kg CaCO3/T
indicates significant APP. Each unit was ranked as either NNP ≤ -5 presumed, NNP ≤ -5
possible, or NNP ≤ -5 unlikely. The following units received the highest classification Wehutty
Fm.; Anakeesta Fm.; Ammons Fm.; Copperhill Fm., slaty metasiltstone. Each of these units have
either a documented history of acid rock drainage or had visible pyrite when samples were
collected during field visits. To be conservative, Cades Sandstone, dark metasiltstone as well as
Thunderhead Sandstone, dark metasiltstone and slate also received the highest classification due
to presence of pyritic slate (Southworth et al. 2012). Unit descriptions from Southworth et al.
(2012) that included terms like quartzite, carbonate, calcareous, limestone, dolomite, etc.
received the lowest ranking. All other units were classified as NNP ≤ -5 possible.
Efforts were made to select representative samples of fresh rock. Three samples were
collected at roughly equal distance along the base of each slope and placed in labeled plastic
bags for storage (Figure 3.6). A composite sample was prepared for each site using
approximately 333 grams of material from each sample point for a total weight of 1 kg.
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Figure 3.5. Geologic units classified based on the predicted acid-producing potential

Several tests exist that can be used to determine the balance between acid producing and
acid neutralizing components of earth materials however, the ABA method is generally
considered an appropriate procedure (Byerly 1996). The relatively low cost, rapid results, and
acceptable correlation between predicted and real-world values support using ABA procedure
(Lawrence and Marchant 1991; Byerly 1996; Shaeffer and Clawson 1996). The test operates on
two basic principles, 1) determination of the neutralization capacity of the sample and 2)
calculation of the acid producing potential of the sample (Lawrence and Marchant 1991). ABA
test results include acid generation potential (AP) and acid neutralization potential (NP) which
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are used to calculate the net neutralization potential (NNP) for each sample. The total sulfur
content is used in the calculation of AP and thus, provides a conservative evaluation. AP, NP,
and NNP results are reported as kg CaCO3/tonne of material. Samples with NNP values of < -5
kg CaCO3/T are considered to have a significant acid-producing potential. In practical terms, an
NNP value of -5 means that 5 kg of CaCO3 are required to neutralize 1 tonne of sample material.

Figure 3.6. Composite samples were prepared for each unstable slope

Comprehensive instructions for performing ABA analyses are described by Sobek et al.
(1978) and Lawrence and Marchant (1991) however, an overview is given here to provide an
understanding of the assessment. 1-kg samples were sent to a commercial laboratory where they
were pulverized to 80% passing 180 mesh (76 micron, or 0.003 inch). Total Sulfur (S), total
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Carbon (C), and Carbonate Carbon (C-CO3) was measured by LECO® elemental analyzer. The
AP was derived stoichiometrically from the weight percent Sulfur. NP was found by treating
samples with a known excess of standardized hydrochloric acid (HCl), heating the mixture to
ensure complete reaction between the acid and the neutralizers, and determining the amount of
unconsumed acid by titration with standardized sodium hydroxide (NaOH).
Results
Probabilistic Rockfall Simulations
The output from RocFall include graphs of endpoints, kinetic energy (total,
translational, and rotational), velocity (translational, and rotational) and bounce height. Endpoint
analysis is a significant factor concerning safety on the roadway. Therefore, this study primarily
focused on the distribution of rockfall endpoints as the percentage of rocks running out of the
ditch and passing the edge of the roadway closest to the slope, passing the centerline, and exiting
the roadway away from the slope. However, the output data including kinetic energy (total,
translational, and rotational), velocity (translational, and rotational) and bounce height are
provided as an appendix. Validation of rockfall simulations was performed by comparing model
results to Google Maps Street View, site photographs, and field notes entered in the USMP
geodatabase.
Results from the simulations showed rock material entering the roadway at all fourteen
sites (Figure 3.7). The distribution of end point locations for each unstable slope are presented in
Table 3.3. On average, across all sites, most rocks (63.4%) were contained by ditches and did not
enter the roadway. Endpoints for rocks that did enter the roadway were generally confined to one
lane of traffic closest to the slope. On average, only 3.4% of rocks reached the centerline and
only 0.2% of rocks crossed both lanes of traffic.
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Figure 3.7. Simulated rockfall pathways for fourteen sites
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USMP ID

GRSM ID

Ditch Width
(ft) (Field
Measured)

% Contained
in Ditch

% Endpoints
within
Roadway

% Reached
Centerline

% Exited
Roadway

Validation
Method

Table 3.3. Distribution of End Point Locations for Each Unstable Slope.

5282

10

7

93.9

6.1

0

0

GSV, PH

5295

13

4.5

85.5

14.5

2.1

0

GSV, PH, USMP

5354

20

4.5

10.8

89.2

1.2

0

GSV, PH

5437

70

0

20.1

79.9

21

0

GSV, PH, USMP

0014 Little River Gorge Rd

5419

87

2

77.7

22.3

1.7

0

GSV, PH, USMP

0014 Little River Gorge Rd

5420

88

1.25

0.5

99.5

3.3

0

GSV, PH

0014 Little River Gorge Rd
0008E Foothills Parkway
Section 8E
0008E Foothills Parkway
Section 8E
0019 Lakeview Drive East

5456

105

3.5

98.0

2

1.2

0

GSV, PH, USMP

5600

136

6

87.4

12.4

4

0.2

GSV, PH, USMP

5884

168

12

99.9

0.1

0

0

GSV, PH, USMP

5713

153

7.5

70.9

27.4

5.5

1.7

GSV, PH, USMP

0019 Lakeview Drive East
0011S Gatlinburg Spur Rd
(South)
0011S Gatlinburg Spur Rd
(South)
0011N Gatlinburg Spur Rd
(North)

5720

155

5

46.2

53.5

7.7

0.3

GSV, PH, USMP

6001

215

6

67.8

32.2

0

0

GSV, PH, USMP

6002

216

4

41.5

58.5

0

0

GSV, PH, USMP

6480

225

10

88.4

11.6

0

0

GSV, PH, USMP

GRSM Route / Road Name

0010N Newfound Gap Rd
North
0010N Newfound Gap Rd
North
0010N Newfound Gap Rd
North
0014 Little River Gorge Rd

AVG:
63.5
36.4
3.4
0.2
Validation methods: GSV-Google Maps Street View, PH- photographs and notes from field visits, USMPComments from USMP geodatabase

The predicted percentage of rocks contained within ditches varied widely among slope
models, from 0.5% at GRSM-088 to nearly 100% at GRSM-168. There appears to be an inverse
relationship between ditch width and the percentage of rocks entering the roadway (Figure 3.8).
GRSM-168 on Foothills Parkway Section 8E had the most effective containment of material
with only one rock out of one thousand (0.1%) entering the roadway. Conversely, GRSM-088 on
Little River Gorge Rd had the least effective containment with 99.5% of rock path endpoints
within roadway, 3.3% of which reached the centerline.
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Model results for three sites along Newfound Gap Rd show limited to good ditch
effectiveness. On average, 63.4% of rocks were contained and only 1.1% of rocks reached the
centerline. 93.9% of rocks at GRSM-010 and 85.5% of rocks at GRSM-013 were contained
while only 10.8% of rocks were contained at GRSM-020. Results for sites along Gatlinburg Spur
Rd were 41.5%, 67.8%, and 88.4% containment at GRSM-216, GRSM-215, and GRSM-225
respectively. Notably, no rocks were predicted to reach the centerline for any site along the
Gatlinburg Spur Rd.
The percentage of rocks contained ranged widely at sites along Little River Gorge Rd,
from 0.5% containment at GRSM-088 to 98% containment at GRSM-105. On average,
containment was the poorest for sites along Little River Gorge Rd with 49.1% of rocks
contained. For each site, at least one percent of rocks thrown reached the centerline. GRSM-070
had the greatest percentage reaching the centerline for any site with 21% of rocks thrown.
Rockfall simulations conducted for two sites along Foothills Parkway Section 8E predicted good
containment, with 99.9% and 87.4% containment at GRSM-168 and GRSM-136 respectively.
On average, Foothills Parkway Section 8E had the best containment (93.7%) of any road
evaluated in this study. Model results for two sites along Lakeview Drive East suggest limited
ditch effectiveness at GRSM-155 where 46.2% of rocks were contained and moderate
containment at GRSM-153 where 70.9% of rocks were contained. Notably, 1.7% of rocks
crossed the entire roadway at GRSM-153 which is the highest percentage for this study.
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Figure 3.8. Ditch width vs percentage of rocks entering the roadway

Environmental Impact (Acid Base Accounting)
Total sulfur concentration was reported as weight percent (wt%) and ranged from below
the detection limit (0.02 wt%) at GRSM-020, GRSM-215, and GRSM-216 to 1.5 wt% at GRSM010. Samples from five sites (GRSM-010, GRSM-013, GRSM-153, GRSM-155, GRSM-168)
contained significant concentrations of total sulfur (>0.5 wt%) (Table 3.4). These values directly
correlated with the sulfide concentration and therefore the acid-generation potential of the
samples. A full account of ABA test results is included in Table 3.4 below.
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Table 3.4. Complete ABA Test Results for Fourteen Discrete Slopes.
GRSM ID /
Geologic Unit

Paste pH

Total S
wt%

HCl
Extractable
Sulfur
wt%

Sulfide
Sulfur
(by diff.)
wt%

Units

pH Units

010 (Dup.)
Zag
010 Zag
013 Za
020 Zt
070 Zts
087 Zc
088 Zc
105 Zm
136 Zw
153 Zwe
155 Zwe
168 Zsc
215 Zp
216 Zp
225 Zr
Blank
Detection
Limits

Mod. ABA
Neutralization
Potential
Kg CaCO3/T

Fizz
Rating

1.45

Acid
Generation
Potential
Kg
CaCO3/T
45.3

6.81

1.50

0.05

6.55
6.64
6.75
7.84
6.87
8.49
8.14
8.45
4.07
3.96
8.51
9.06
8.17
7.96
8.49
N/A

1.42
1.08
<0.02
0.09
0.26
0.20
0.43
0.04
0.82
0.98
0.97
<0.02
<0.02
0.11
<0.02
0.02

0.05
0.04
<0.02
0.01
0.16
0.01
0.09
<0.02
0.19
0.15
0.04
0.04
0.02
0.01
<0.02
0.01

N/A

Net
Neutralization
Potential
Kg CaCO3/T

Neutralization
Potential
Ratio
N/A

14.2

NONE

-31.1

0.3

1.37
1.04
<0.02
0.08
0.10
0.19
0.34
0.04
0.63
0.83
0.93
<0.02
<0.02
0.10
<0.02
0.02

42.8
32.5
<0.6
2.5
3.1
5.9
10.6
1.3
19.7
25.9
29.1
<0.6
<0.6
3.1
<0.6
0.6

15.2
62.5
1.20
7.00
4.20
8.00
11.9
50.7
-1.00
-0.500
98.3
5.60
6.50
10.9
0.0
N/A

NONE
SLIGHT
NONE
NONE
NONE
SLIGHT
SLIGHT
SLIGHT
NONE
NONE
SLIGHT
NONE
NONE
SLIGHT
NONE
N/A

-27.6
30.0
1.20
4.50
1.10
2.10
1.30
49.4
-20.7
-26.4
69.2
5.60
6.50
7.80
0.0
N/A

0.4
1.9
#N/A
2.8
1.4
1.4
1.1
39.0
#N/A
#N/A
3.4
#N/A
#N/A
3.5
#N/A
0.1

Zag- Anakeesta Fm, metagraywacke and metasiltstone; Za- Anakeesta Fm; Zt- Thunderhead SS; Zts- Thunderhead SS, dark
metasiltstone and slate; Zc- Cades SS; Zm- Metcalf Phyllite; Zw- Wilhite Fm; Zwe- Wehutty Fm; Zsc- Shields Fm,
conglomerate; Zp- Pigeon Siltstone; Zr-Rich Butt SS
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Test results indicate a wide range of NNP values from -31.1 to +69.2 kg CaCO3/T.
Notably, samples from GRSM-013 and GRSM-168 had significant sulfide concentrations and
acid generation potentials that did not result in NNP values < -5 kg CaCO3/T due to relatively
high neutralization potentials.
Four rock samples collected from three discrete slopes have NNP values less than -5 kg
CaCO3/T. The most negative values, -31.1 and -27.6 kg CaCO3/T were from the Anakeesta Fm.
and were duplicate samples collected at GRSM-010 along Newfound Gap Rd North. Two
samples collected from two discrete slopes in the Wehutty Fm. along Lakeview Drive East also
indicated significant acid-producing potential with NNP values of -26.4 and -20.7 kg CaCO3/T.
Both the Anakeesta Fm. and the Wehutty Fm. are part of the Great Smoky Group (Figure 3.9).

Figure 3.9. Acid Base Accounting test data for GRSM
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Samples with the most positive NNP test results were collected from GRSM-168 and
GRSM-136, respectively. Both sites are along Foothills Parkway Section 8E. The sample with
most positive NNP value +69.2 was from the Shields Fm. and the second most positive NNP
value of +49.4 was from the Wilhite Fm. Both formations are part of the Walden Creek Group.
Notably, the sample collected at GRSM-013 from an iron-stained roadcut in the Anakeesta Fm.
had a relatively high NNP value of +30 kg CaCO3/T due to its high neutralization potential of
+62.5 kg CaCO3/T.
Discussion
Probabilistic Rockfall Simulations
Accurately predicting rockfalls is difficult due to variability in slope geometry, uncertain
material properties, and the sensitivity of analysis methods (Stevens 1998). However, results
from probabilistic simulations provide an effective and acceptable method for evaluating the
potential impact of rockfall on transportation corridors. Results from this study showed rock
material entering the roadway at all fourteen sites, which confirms that GRSM’s major
transportation corridors are vulnerable to localized slope failures. Model results also indicate that
some sections of roadway are more vulnerable than others mainly where ditch effectiveness is
limited.
Probabilistic rockfall models, designed based on observed conditions, predicted rock
material entering the roadway at all fourteen sites. These predictions were validated using a
combination of Google Street View, field notes and photographs, and comments in the USMP
for FLMA geodatabase. GRSM-136 on Foothills Parkway Section 8E stands out as somewhat
unique from the other sites due to its long and consistent slope, wide ditch, and vegetation near
the slope’s toe. Also, of interest is that vegetation has a significant damping effect on simulated
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rockfalls; however, this relationship is complicated by the fact that vegetation can contribute to
biological weathering especially in fractured rocks. Sites like GRSM-087 and GRSM-105 along
Little River Gorge Rd. stand out because they feature blocks slightly overhanging the roadway.
Environmental Impact (Acid Base Accounting)
As expected, sulfide minerals contribute most of the total sulfur for all rock samples in
this study. This is notable because sulfide minerals contribute to the acid generating potential,
whereas sulfate minerals like gypsum do not. ABA test results indicate significant APP at three
discrete rock slopes of the fourteen sites sampled. The study confirmed that the Anakeesta Fm.
and the Wehutty Fm. present the greatest hazard regarding ARD. At these sites, it is reasonable
to take special precautions when handling rockfall materials. Slaty metasiltstone members of the
Copperhill Fm. may also require special handling however, no samples were analyzed in this
study.
Hammarstrom et al. (2003) conducted a thorough investigation of metal cycling in
GRSM which identified soils at the Hazel Creek Mine with a NNP value of -61 kg CaCO3/T.
The study presented important considerations for sulfide minerals at historic mine sites within
the park; however, the study did not discuss how sulfide minerals and ARD could impact
transportation infrastructure or how solid waste management practices should be incorporated
into GAM protocols. Latham et al. (2009) concluded that sulfide minerals can be a contributing
factor to slope failure in metagraywackes and muscovite schists along the Blue Ridge Parkway.
Findings from this study did not confirm this conclusion, but additional site-specific studies are
required to rule out this possibility. Further, sulfide-induced heave was not observed during field
observations however, it has been documented in the Sevier Shale near the study area (Bryant et
al. 2003).
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At the sites investigated in the current study, NNP values from ABA test results were not
correlated with USMP hazard or risk scores. Additionally, significant ARD seems limited to a
short length of roadway overall, almost exclusively between mile markers 10 and 20 of
Newfound Gap Road (GRSM-0010N, S), the first mile of Clingman’s Dome Access Road
(GRSM-0017) and the first five miles of Lakeview Drive East (GRSM-0019). About 13.2 miles
(21.2 km) of roadway exist where the Anakeesta Fm., slaty metasiltstone member of the
Copperhill Fm., or Wehutty Fm. is exposed (Figure 3.10). Insights from ABA tests can be used
by GRSM park officials to help develop solid waste management protocols at cut slopes within
the Anakeesta and Wehutty formations. Similar protocols may also be appropriate in areas were
slaty metasiltone members of the Copperhill Fm. are exposed. Additional costs associated with
encapsulating or transporting acid producing rock debris is important to consider for budget
allocation which is an essential part of the GAM process. As part of ongoing condition
assessments and performance monitoring, park officials should take note of APP of rock units.
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Figure 3.10. Geologic units where special considerations for acid rock drainage are appropriate
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Limitations and Future Research
The difficulty of accurately modeling large rockfall events consisting of many individual
rock fragments is a notable limitation of the current study. On the other hand, results from this
study provide valuable insight by accurately simulating the path of falling rocks down each
slope. However, large volume events could overwhelm a ditch, resulting in rock material
entering the roadway. In this case, a slope with good ditch effectiveness may still represent a
hazard to motorists or negatively impact traffic. This is important to consider when evaluating
simulation results because slope failures in GRSM often consist of many individual rock
fragments and because it highlights the importance of routine maintenance which keeps ditches
from becoming filled with rock debris.
Some sites would benefit from even marginally wider ditches or improved ditch
geometries. This appears to be true for site GRSM-020 on Newfound Gap Rd which has a wide
pullout on the opposing side of the road and for sites along Lakeview Drive East which had
moderate to limited ditch effectiveness based on simulation results. A significant obstacle to
improving ditch geometry is that there is often very limited space. For many lengths of roadway,
there is simply not enough space to increase ditch width.
Insights from the models developed in this study can be used by GRSM park officials to
help develop short- and long-range management and mitigation plans, an important aspect of the
GAM process. These plans can inform park officials’ efforts to monitor the performance of
geotechnical assets and make periodic updates to the GAM plan in GRSM. In addition to
ongoing condition assessments and performance monitoring, future effort should be directed to
developing forecasting models that estimate future changes in performance of discrete slopes.
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These forecasting models provide an opportunity for GRSM park officials to anticipate changes
to management costs and evaluate program alternatives.
Another important limitation of the study was that samples were collected as float from
the base of each slope. This was a condition of the NPS permit obtained for the study. Efforts
were made to collect representative samples from the slope base, however, sampling fresh rock
from each outcrop would have provided more representative samples. Additionally, composite
samples were created for each site which provide a relatively coarse resolution of sample results
in some instances. For example, at GRSM-070 where Thunderhead Sandstone was sampled as
coarse-grained felspathic light-gray metasandstone and metaconglomerate interbedded with dark
metasiltstone. Similarly, at sites within the Anakeesta Fm. slate layers were combined with
siltstone and graywacke to create a representative sample of the slope.
Another limitation of the study was related to the use of ABA tests rather than kinetic
tests. ABA tests are considered suitable for preliminary evaluation of ARD; however, kinetic
testing should be used whenever more detailed understanding of potential impact on streams is
required. For the scope and budget of this study, ABA test results were sufficient and provide
useful data for asset management purposes. Significant quantities of pyrite or signs of ARD
should be noted during future condition assessments and whenever a new slope event form is
completed in order to better understand whether acid-producing rock contributes to slope
instability and to avoid potential problems associated with sulfide minerals. The disposal of
waste rock from certain unstable slopes may require special care.
Conclusion
GRSM park officials have taken initial steps towards addressing the need to implement
GAM protocols in GRSM. The goal of the work described here was to provide data to guide
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GAM efforts by prioritizing sites and informing the selection of site-specific interventions.
Fourteen site specific investigations were completed that predict rockfall pathways using
probabilistic simulations and ABA tests were performed to evaluate the APP of rocks. The study
provides a geologic and environmental framework for slope remediation to maintain the integrity
of roadways in GRSM.
The most important findings from this study are: (1) models predict rock material
entering the roadway at all fourteen sites, (2) sections of roadway where ditch effectiveness is
limited are more vulnerable to rockfall such as along Little River Gorge Rd. (0014), (3)
correlation between NNP and slope instability could not be established with samples from only
fourteen sites and, (4) significant APP is limited to a short length of roadway overall, almost
exclusively between mile markers 10 and 20 of Newfound Gap Road (GRSM-0010N, S), the
first mile of Clingman’s Dome Access Road (GRSM-0017) and the first five miles of Lakeview
Drive East (GRSM-0019). Just over thirteen miles (21.2 km) of roadway exist where Anakeesta
Fm., slaty metasiltstone member of the Copperhill Fm., or Wehutty Fm. is exposed. Probabilistic
rockfall simulations can provide valuable information for park officials who are responsible for
GAM protocols. To a lesser extent, the same is true for ABA tests. Because rockfall events
interfere with transportation corridors most years which can have a negative impact on the local
economy, rockfall modeling has a role in future management and mitigation efforts. Additional
ABA testing of geologic units in the park would enable future researchers to better understand
whether a correlation between NNP and slope instability exists.
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4

CHAPTER 4. CONCLUSION

Implementing long-term, risk-based strategic GAM is imperative for GRSM officials
who are responsible for achieving performance objectives with a fluctuating annual budget. The
partnership between NPS and ETSU provided a unique opportunity to create the first exhaustive
inventory of unstable slopes along major transportation corridors in GRSM. The inventory and
geodatabase made it possible to compare and prioritize high-risk rock slopes using data-driven
proactive management practices. Additionally, two-dimensional probabilistic rockfall
simulations and ABA tests were used to predict rockfall pathways and evaluate the acidproducing potential of rocks at fourteen sites. These data on factors that influence rockfall
outcomes provide valuable information that is needed by park officials who manage geotechnical
assets as well as geologists and engineers who develop mitigation strategies for rockfall and
landslides.
A promising outcome of the partnership between NPS and ETSU is that GRSM staff are
now well on their way to proactively managing geotechnical assets using the USMP for FLMA
protocols. The USMP.info database which stores the inventory of unstable slopes has searching
capabilities and an interactive web map. Moreover, the USMP for FLMA provides examples of
performance metrics for geotechnical assets, adaptable cost-benefit analysis procedures for
prioritizing slope work, and a quantitative risk analysis procedure to support further risk
assessment needs. Perhaps the most promising features of the USMP are the maintenance
tracking forms, new slope event forms, and the mobile software application which allow
personnel to conduct rapid field inventory and inspection work using hand-held devices.
The observations described here can contribute to efforts by GRSM officials to
modernize management of geotechnical assets in accordance with generally accepted TAM
102

principles and with MAP-21, FAST Act, and their supporting regulations. Ongoing condition
assessments and performance monitoring in the park should be performed using the mobile
software application. Further, an up-to-date inventory or unstable slopes should be maintained.
While findings from this study did not confirm that sulfide minerals can be a contributing factor
to slope failure, additional site-specific studies are required to rule out this possibility. As part of
ongoing condition assessments and performance monitoring, park officials should take note of
acidic rock units (i.e., Anakeesta Fm, Wehutty Fm, and slaty metasiltstone members of the
Copperhill Fm). Future efforts should also be directed towards developing forecasting models
that estimate future changes in performance of discrete slopes. These forecasting models provide
an opportunity for GRSM park officials to anticipate changes to management costs and evaluate
program alternatives.
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Appendix A: USMP for FLMA Slope Rating Form
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Appendix B: Common Weights for Each Study Area
parameter

feature class

scale weight

Geology

Presence of Sulfides
Known
Ammons Formation
Anakeesta Formation
Anakeesta Formation,
chloritoid slate
Anakeesta Formation,
metagraywacke and
metasiltstone
Anakeesta Formation,
metasandstone and siliceous
metasiltstone
Cades Sandstone, dark
metasiltstone
Copperhill Formation, slaty
metasiltstone
Thunderhead Sandstone,
dark metasiltstone and slate
Wehutty Formation
Presence of Sulfides
Possible
Alluvium (Adjacent High
APP units)
Cades Sandstone
Cades Sandstone, boulder
conglomerate
Colluvium (Adjacent High
APP units)
Copperhill Formation
Copperhill Formation,
quartz-muscovite schist and
phyllite
Debris fans (Adjacent High
APP units)
Otto Formation of the
Dahlonega gold belt
Rich Butt Sandstone
Rich Butt Sandstone, slate
and metasiltstone
Roaring Fork Sandstone

10
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10
10
10
10
10
10
10
10
10
5
5
5
5
5
5
5
5
5
5
5
5

% of
influence
5

Roaring Fork Sandstone,
metasandstone
Sandsuck Formation
Sandsuck Formation,
conglomerate
Snowbird Group, undivided
Tellico Formation
Thunderhead Sandstone
Thunderhead Sandstone,
boulder conglomerate
Wading Branch Formation
Presence of Sulfides
Unlikely
Alluvium
Amphibolite
Bays Formation
Biotitic porphyritic
metagranitoid
Blockhouse Shale
Cartoogechaye terrane
Chapman Ridge Marble
Chapman Ridge Sandstone
Chota Formation
Cochran Formation
Colluvium
Dean Formation
Debris fans
Debris flows
Elkmont Sandstone
Elkmont Sandstone, coarse
metasandstone and
metaconglomerate
Grainger Formation
Grassy Branch Formation
Greasy Cove and Grainger
Formations, undifferentiated
Greasy Cove Formation
Helenmode Formation
Hesse Quartzite
Hornblende-biotite gneiss
Jonesboro Limestone
Knox Group
Licklog Formation
Licklog Formation,
conglomeritic sandstone
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5
5
5
5
5
5
5
5
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Longarm Quartzite
Maryville Limestone
Megacrystic metagranite
Metadiorite, metadiabase,
and altered rocks (dikes and
sills)
Metagranodiorite
Metamonzogranite
Metamorphosed dunite and
peridotite
Metcalf Phyllite
Migmatitic biotite gneiss
Murray Shale
Mylonitic monzogranite
Nebo Quartzite
Nichols Shale
Nolichucky Shale
Ottosee Shale
Pegmatite
Pigeon Siltstone
Pigeon Siltstone,
metasandstone
Pumpkin Valley Shale and
Rome Formation
Residuum overlying
carbonate rock
Rogersville Shale
Rome Formation
Rutledge Limestone
Sevier Formation
Shady Dolomite, shaly
dolomite and dolomitic
shale
Shady Dolomite
Shields Formation
Shields Formation,
conglomerate
Shields Formation,
limestone and siltstone
Sinkholes
Spring Creek Metagranitoid
Tellico Formation
Terrace deposits
Tusquitee Quartzite and
Nantahala Formation
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1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Distance to map-scale
faulting (meters)

distance to roadway (meters)

Ultramafic rocks
Upper part of Chilhowee
Group, undifferentiated
Wilhite Formation
Wilhite Formation,
carbonate rocks and clastic
rocks
Wilhite Formation,
limestone and shale
Wilhite Formation, quartzite
and conglomerate
<NULL>
Water
0-1

<NULL>
<NULL>
10

1 - 10
10 - 100
100 - 500
500 - 1000
1000 - 2000
2000 - 3000
3000 - 4000
4000 - 5000
5000 - 13223.422852
0-1
1 - 10
10 - 100
100 - 500
500 - 1000
1000 - 2000
2000 - 3000
3000 - 4000
4000 - 5000
5000 - 28946.1211

9
8
7
6
5
4
3
2
1
10
9
8
7
6
5
4
3
2
1

117

1
1
1
1
1
1

5

5

Appendix C: Unique Weights for Each Study Area
Foothills Parkway West
parameter
feature class
scale weight
KDE (Risk) (density value
per km)

KDE (Hazard) (density value
per km)

topography (Slope in
Degrees)

19.107662 - 21.230736

10

% of
influence
40

16.984589 - 19.107662
14.861515 - 16.984589
12.738441 - 14.861515
10.615368 - 12.738441
8.492294 - 10.615368
6.369221 - 8.492294
4.246147 - 6.369221
2.123074 - 4.246147
0 - 2.123074
14.345775 - 15.93975

9
8
7
6
5
4
3
2
1
10

40

12.7518 - 14.345775
11.157825 - 12.7518
9.56385 - 11.157825
7.969875 - 9.56385
6.3759 - 7.969875
4.781925 - 6.3759
3.18795 - 4.781925
1.593975 - 3.18795
0 - 1.593975
66.346271 - 73.718079

9
8
7
6
5
4
3
2
1
10

5

58.974463 - 66.346271
51.602655 - 58.974463
44.230847 - 51.602655
36.859039 - 44.230847
29.487231 - 36.859039
22.115424 - 29.487231
14.743616 - 22.115424
7.371808 - 14.743616
0 - 7.371808

9
8
7
6
5
4
3
2
1
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Newfound Gap Rd.
parameter
KDE (Risk) (density value
per km)

KDE (Hazard) (density
value per km)

topography (Slope in
Degrees)

feature class

scale weight

548.269849 - 609.188721

10

487.350977 - 548.269849

9

426.432104 - 487.350977

8

365.513232 - 426.432104

7

304.59436 - 365.513232

6

243.675488 - 304.59436

5

182.756616 - 243.675488

4

121.837744 - 182.756616

3

60.918872 - 121.837744

2

0 - 60.918872
545.596161 - 606.217957

1
10

40

484.974365 - 545.596161
424.35257 - 484.974365
363.730774 - 424.35257
303.108978 - 363.730774
242.487183 - 303.108978
181.865387 - 242.487183
121.243591 - 181.865387
60.621796 - 121.243591
0 - 60.621796
66.346271 - 73.718079

9
8
7
6
5
4
3
2
1
10

5

58.974463 - 66.346271
51.602655 - 58.974463
44.230847 - 51.602655
36.859039 - 44.230847
29.487231 - 36.859039
22.115424 - 29.487231
14.743616 - 22.115424
7.371808 - 14.743616
0 - 7.371808

9
8
7
6
5
4
3
2
1
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% of
influence
40

Gatlinburg Spur Rd.
parameter
KDE (Risk)

KDE (Hazard)

topography (Slope in
Degrees)

feature class
2685.652734 - 2984.058594

scale
weight
10

2387.246875 - 2685.652734
2088.841016 - 2387.246875
1790.435156 - 2088.841016
1492.029297 - 1790.435156
1193.623437 - 1492.029297
895.217578 - 1193.623437
596.811719 - 895.217578
298.405859 - 596.811719
0 - 298.405859
2182.512524 - 2425.013916
1940.011133 - 2182.512524
1697.509741 - 1940.011133
1455.00835 - 1697.509741
1212.506958 - 1455.00835
970.005566 - 1212.506958
727.504175 - 970.005566
485.002783 - 727.504175
242.501392 - 485.002783
0 - 242.501392
66.346271 - 73.718079

9
8
7
6
5
4
3
2
1
10
9
8
7
6
5
4
3
2
1
10

58.974463 - 66.346271
51.602655 - 58.974463
44.230847 - 51.602655
36.859039 - 44.230847
29.487231 - 36.859039
22.115424 - 29.487231
14.743616 - 22.115424
7.371808 - 14.743616
0 - 7.371808

9
8
7
6
5
4
3
2
1

120

% of
influence
40

40

5

Little River Gorge Rd. and Laurel Creek Rd.
parameter
feature class
KDE (Risk)

KDE (Hazard)

topography (Slope in
Degrees)

551.936371 - 613.262634

scale
weight
10

490.610107 - 551.936371
429.283844 - 490.610107
367.957581 - 429.283844
306.631317 - 367.957581
245.305054 - 306.631317
183.97879 - 245.305054
122.652527 - 183.97879
61.326263 - 122.652527
0 - 61.326263
582.211505 - 646.901672
517.521338 - 582.211505
452.831171 - 517.521338
388.141003 - 452.831171
323.450836 - 388.141003
258.760669 - 323.450836
194.070502 - 258.760669
129.380334 - 194.070502
64.690167 - 129.380334
0 - 64.690167
66.346271 - 73.718079

9
8
7
6
5
4
3
2
1
10
9
8
7
6
5
4
3
2
1
10

58.974463 - 66.346271
51.602655 - 58.974463
44.230847 - 51.602655
36.859039 - 44.230847
29.487231 - 36.859039
22.115424 - 29.487231
14.743616 - 22.115424
7.371808 - 14.743616
0 - 7.371808

9
8
7
6
5
4
3
2
1

121

% of
influence
40

40

5

Lakeview Drive East
parameter
KDE (Risk)

KDE (Hazard)

topography (Slope in
Degrees)

feature class
1065.089246 - 1183.432495

scale
weight
10

946.745996 - 1065.089246
828.402747 - 946.745996
710.059497 - 828.402747
591.716248 - 710.059497
473.372998 355.029749 - 591.716248
236.686499 - 355.029749
118.34325 - 236.686499
0 - 118.34325
1294.442468 - 1438.269409
1150.615527 - 1294.442468
1006.788586 - 1150.615527
862.961646 - 1006.788586
719.134705 - 862.961646
575.307764 - 719.134705
431.480823 - 575.307764
287.653882 - 431.480823
143.826941 - 287.653882
0 - 143.826941
66.346271 - 73.718079

9
8
7
6
5
4
3
2
1
10
9
8
7
6
5
4
3
2
1
10

58.974463 - 66.346271
51.602655 - 58.974463
44.230847 - 51.602655
36.859039 - 44.230847
29.487231 - 36.859039
22.115424 - 29.487231
14.743616 - 22.115424
7.371808 - 14.743616
0 - 7.371808

9
8
7
6
5
4
3
2
1

122

% of
influence
40

40

5

Appendix D: Example Field Data Collection Form

123

124

125

5282
5295
5354
5437
5419
5420
5456
5600
5713
5720
5884
6001
6002
6480

10
13
20
70
87
88
105
136
153
155
168
215
216
225

90
90
10
60
60
60
65
95
95
55
10
90
90
95

90000
90000
40000
80000
90000
80000
60000
100000
950000
50000
90000
100000
90000
90000

0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33

0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33

126

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Switch
velocity (ft/s)

maximum
timestep (s)

stopped
velocity
cutoff (ft/s)

normal
velocity cut
off (ft/s)

max steps per
rock

maximum
time per rock
(s)

GRSM ID

USMP ID

Appendix E: RocFall Engine Conditions

-3.30E-09
-3.30E-09
-3.30E-09
-3.30E-09
-3.30E-09
-3.30E-09
-3.30E-09
-3.30E-09
-3.30E-09
-3.30E-09
-3.30E-09
-3.30E-09
-3.30E-09
-3.30E-09

1.808e+04
7409
3.321e+04
3163
3354
2049
346.3
4072
2008
1.18e+04
810.1
3067
2924
9.47e+04

1163
548.8
1081
172
368.9
99.86
2.187
950.6
117.8
1243
38.96
55.69
287.3
7932

127

42.66
37.96
46.23
44.85
37.41
39.29
57.25
45.44
40.53
48.79
40.17
42.65
31.03
44.13

Max Rotational
Velocity (ft/s)

1.788e+04
7077
3.321e+04
3160
3345
2049
346.3
3183
2008
1.18e+04
810.1
3067
2924
9.47e+04

Max
Translational
Velocity (ft/s)

Max. Rotational
Kinetic Energy
(ft-lb)

23.54
18.67
35.05
32.37
26.37
21.9
51.38
10.27
25.86
22.22
19.51
28.76
13.75
22.6

Max. Total
Kinetic Energy
(ft-lb)

Max. Bounce
Height (ft)
10
13
20
70
87
88
105
136
153
155
168
215
216
225

Max
Translational
Kinetic Energy
(ft-lb)

5282
5295
5354
5437
5419
5420
5456
5600
5713
5720
5884
6001
6002
6480

GRSM ID

USMP ID

Appendix F: RocFall Results – Maximum Bounce Height, Maximum Kinetic Energy (Total,
Translational, and Rotational), and Maximum Velocity (Translational, and Rotational)

50.59
29.3
22.44
47.49
22.82
23.21
35.52
147.3
69.63
78.28
46.02
23.51
20.75
36.79
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